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The Bissett-Berman Corporation 2941 Nebraska Avenue, Santa Monica, California EXbrook 4-3270

H. Engel
APOLLO NOTE NO. 470 L. Lustick
(BBC Task 203) J. Gregory

ADDITIONAL CAPABILITIES OF THE RTODP-OEAP

Seven new features have been added to the RTODP-OEAP,
They are:

Shift

Consolidation

Arbitrary weights

Different noise in filter and real world
QE ’

QR

. QP.

~N ook Wy

Shift

At times the two spacecraft for which the program is capable of
computing error covariances may come together. In such a circumstance
it is desirable to ascribe the same error covariance to the estimates of
both. The newly added shift operation permits us to make the covariance
of the estimate of spacecraft A the same as that of spacecraft B or vice

versa.

In order to illustrate what is done, let us consider a shift of A to

B. In the filter world, before the shift we have

T _ T =T
EAX, A%, E A%, A%] E A%, AD
T _ T =T
E A xBAxA E AxBAxB E AxB AD
EAT)A—}: EAﬁAig EADADT



and after the shift we have

— _T - =T - =T
EAXAAXA EAxAAxA EAXAAD
EA%, A%L EAR, ART EAx, ADY

A DXy A SEp A
EAD Azz EAD A?;z EAD aDdT

in which D represents the dynamic biases.

Similarly, for the noise, after transfer from A to B we
have

A AT A AT
EAx , Ax A EAanAx A
A AT A AT
EAanAx A EAX !Aan

and for the i'-:-l—l- non-estimated nuisance parameter group, denoting this

by B; to avoid confusion with spacecraft B, we have

8 A AT : ' A AT A AT 7
EAxﬁiAAxﬁiA EAxpiAAxﬁiA EAxBiAABi
A AT A AT A AT
EAxﬁiAAxBiA EAxBiAAxﬁiA EAxBiAAﬁi
A AT A AT A AT
LEAﬁi AxﬁiA EAB, AxﬁiA EAB, AB; |

Inputs that call for shifts from A to B and B to A are illustrated
in Figure la and lb respectively. The shift occurs before any other
action. This is a regular batch card and shift may be combined with

a batching operation,

If a shift from A to B (B to A) is called for and if the anchor point

- for spacecraft B(A) before the shift is different from that of spacecraft

A (B), then the program will automatically change the anchor point and
local coordinate system of spacecraft B (A) to be the same as that of
A (B).
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Consolidation

Prior to this modification it has been necessary to maintain a
non-estimated nuisance parameter group throughout all batches sub-
sequent to that in which it was introduced, Now, if none of the para-
meters in a non-estimated nuisance parameter group is related to the
measurables in any subsequent batch, this modification makes it un-

necessary to maintain the nuisance parameter group.

From Apollo Note No, 437, pages 6 and 7

A A T A A T
Axp; Axp; W, Vg Ax pi|[2%,5; w, v
E = E
A A A A
A B, A B, o 1 A B, A B, o)
1 1 1 1

A
in which AXBi is the error in the estimated parameters resulting from

the error in the it— roup of non-estimated parameters B: .
g P P i

Now, WBi is zero if the measurable is independent of the nuisance

parameter Bi’ so in this case

T T
A A A A
Axpil [2*ps w, © Axpi| [A%ami]| [Wa ©
E = E
A A A JA)
AB. AB. o 1 A8 AB. o 1
1 1 1 1
and it follows that
A AT A A T
Elxg;Axpg; = W, EAx . Ax o W,

From page 6 of Apollo Note No, 437 we have

A A A - -
Eax Axt = w.ak AfT wT 4 ¢ lgeeT !
n n a an an a

so, adding these two equations we find

Bi

I



"

In other words, if none of the parameters in a group of non-
estimated nuisance parameters affect subsequent measurables, then
we can add the covariance of the error in the estimated parameters
resulting from that group to the covariance of the estimated parameters

resulting from noise and drop that nuisance parameter group forever after.

In the program this is accomplished simply by placing the card for
the covariance resulting from nuisance parameter group in the group for com-
puting the new PN, as in Figure 2. This results in the addition of the upper

left 22 x 22 of that nuisance parameter group covariance to PN,

Arbitrary Weights

Previously, the weights associated with the apriori estimate, and
the estimate based on new measurements alone, depended only on the filter
world covariances of the errors in those estimates, and were not under

operator control; on page 4 of Apollo Note No. 437 we had

C=2C+C
a m
w_ = clc
a a
and - -1
Wy = -CT AL

Now the program has been modified to permit downweighting of the

apriori estimate. We write instead, if spacecraft A is being estimated,

-1 -1
kL er O KoL o
C'a = Ca
o} I o) I
(114+Np)x(114+Np) (11+Np)x(11xN )
and then
- !
C:=€+C_
w_ = c-lc
a a
_ -1
Wi = =C A,

This has the effect of increasing the apriori filter covariance of space-
craft A by a factor kz. If spacecraft B is being estimated, a similar operation

. 2
increases the apriori filter covariance of spacecraft B by k”.



In using the program, if one wishes to multiply the apriori
covariance by k% one enters k in the columns for o on the data

sheet line for the PF being brought in, as in Figure 3,

Different Noise in Filter and Real World

To weight data arbitrarily, or because he does not have an accurate
estimate of the noise on the measurements, the noise variance specified for the
filter by the RTODP operator may be different from the real noise variance.,

The RTODP-OEAP has been modified to permit simulation of this condition.

From Apollo Note No. 437, pages 6 and 9, we have

Eax axT = weEAL a2TwT ;o lg eeTer!
n n a an —an a
and
EAR 28T - weazr axTw Ty clgee T !
a an “an a t°f
in which T 3
T _ {(am T,-1 T T,-1
E ee = (—-a—}-{—) (E nn, ) "Enn (E nen, ) -
and

ax

Eool - (M T(E 2D EnnT (EanT) ! M
°°t = \3x% Dy £f £'f Sx

If, as we assume, the noise‘samples are independent, then for the

i th kind of measurable

2 . T

T o, aMi BMi
E e.e. =
i7i 2 X dx
a
1f
and M. \T  am.
Ee e T _ 1 i i .
if7if 2 oX ox
O.
. if

In the modified version of the program, we use ¢ in computing

Cm’ and in the filter world still write

- A T
EAanxn

]

wazx ax TwTyclg ¢!
a an an a m
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but in the real world we use an effective standard deviation oilecri for

the itﬁ measurable, and have

2
A A _ . oM. OM. -
EA)/{\A>/{\T=WAX Ax TWT-I-C1 _.1_<__l —1 Cl
n ‘n a “an “an a Z:O‘Z X dx
i i

In the program, if we do not wish to make use of this new option,
the program sheets are filled out, as before, with no information matrices
used in computing the new PN, If we do wish to employ the new option,
then in the PF computation portion 0¢ must be used, and in the PN portion
it is necessary to enter the information matrices, each with the appropriate

standard deviation (sz/ 0, as in Figure 4.

QE

It has been necessary tobadapt the QE computations to the RTODP-
OEAP. In general we can write |

pdxﬂ

dr x'/r y'/r 0 0 0 0 dy'

dz'

dv = 0 0 0 xk'/v §'Iv 0 g

. !

-de y'/r2 -x'/r2 0 -}'r'/v2 3('/v2 0 g}z’,
T T | 9%]r

The RTODP-OEAP obtains the covariance of the errors in the esti-

mate of the state vector in local coordinates, i.e., in a local coordinate

system in which x' = a, y'=0, z'=0, ¥'= ay y' = ag, z' = 0. Thus
we can write
- -
ar 1 0o 0 0 0 0 gal
a2
av | = o 0 0 a/v alv 0 dag
da
- - - 2 2 4
dv,, 0 I/a1 0 as/v a4/v 0 da,
da
_ [ “%6 |
in which , 5 1/2
. vV = [a4 + a5 ] .
| - |
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The 3 x 6 matrix above is computed in Part B. The values of ag a4,
and ag used are obtained from the values of x', y', %', and ¥' of this point in
the prime coordinate system of the anchor point by rotation to the local prime
system. The 3 x 3 rotation matrix R is that normally calculated in Part B
for changing anchor points. The 3 x 3 rotation matrix T is that computed

from any input Euler angles. We have

—

~a1 “x?
0 y'
0 [T o) [R o] 0
2y 0 T] o R X!
a5 y'

[ 0] | 0]

The QE output is printed each time the batch post data processing

error covariance is requested.

QR

—

The QR computation has also been adapted to the new RTODP-
OEAP, From pages A2-79 through A2-82 of ""The Bissett-Berman

Orbit Error Analysis Program,' we have for fixed r

5] [ -

0 1/v 1/(xv)

1/(rt) -H/(r'rvz) -H/(rzvz'r)

ag —ay 0 0 2, 0 | 0
2
[.L/a1 0 0 a, ag 0 —I/a1 da
0 0 0 0 0 0 0
but in our local coordinate system
= = 2 + a 2]1/2
r o= a3 v = [a4 5
ro= a, H = a; ag

10



S0 dv is computable in Part B-a_ , a,, a,. and g being available,
-dy,, 1 4’ 75

ap, ay and ag for fixed r could be computed directly from the energy and
angular momentum, but that is not how they are obtained. Instead, the time
T nominally corresponding to this r is determined in a preliminary program,
or is otherwise available as an input and is used to determine the proper a,,
ay ag.

It is necessary to have the y' and z' components of the Earth's

angular rate vector. Calling these wpz and wp3, we have

wh 0
“2 | = TR LK 0
wp3 W

The matrix (ILK) is transferred to Part B from Part A of the pro-

gram, and R and T are rotation matrices similar to those used in computing QE.

Then, as on pages A2-83 and A2-84 of the reference

[-a; w,
dp — P 0 1 0 0 o da
a 1
= 4 .
—a a_ .
dr 24+ 1 1 0 0o o o da,
L 24 wp3

The QR output is printed each time the batch post data proces-
sing error covariance is requested, and is the result for the radius

corresponding to the time of QR,

QP
The periapsis radius is
HZ
r =
P p(l+e) _
and 2 2 2
a,a,a a, a
H H

11



leading to

da
, a5 -a4 0 O a.1 0 0 1
2r Er -r -r >
dr = |—2 {1-—-R), R _P ,,1/a1 0 0 a, ag 0 -l/aL1 da,
P H ue pe Ke
0 0 0 O 0 0 1 du
in which
a2 + az
E = —4—-—.__5_ - ..E.. s
2 2
and ags a4, and ag are the local values.

The QP output is printed each time the batch post data error covariance

is requested.

12
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APOLLO NOTE NO, 471 H. Dale, Jr.
(BBC Task 204) Jan., 24, 1967

THE EFFECT OF BATCHING DURING TERMINAL LUNAR RENDEZVOUS
USING NEAR-OPTIMUM APRIORI PSEUDO-BIAS
UNCERTAINTIES

Apollo Note No. 468 showed, that for continuous two-station tracking
of the LEM during the terminal phase of Lunar Rendezvous, that the optimum
filter apriori pseudo-bias was between 0.1 and 1. 0 ft/sec. Note No. 468 also
showed that this feasible filter design would produce state vector estimates
that closely approached those of the optimum filter (all real parameters esti-

mated).

This Note shows that batching during this interval and retaining for
each batch only state parameters, does not seriously chang'e the conclusions
of the previous Note. In detail, it appears that batching does very little to
total or in-plane positioninfact, batching tends to degrade only the out-of-plane |
velocity component (and thereby 35% only on the last batch, t = 45 minutes).
One can conclude that the optimum pseudo-bias apriori uncertainty is still
between 0, 1 and 1.0 feet per second and that intervehicle sightings will be re-
quired if out-of-plane position and velocity are to be brought below 2000 ft,
and 2 ft/second.

The analyses in this Note consist of two batching runs: one with the
Madrid and Ascension apriori pseudo-biases set at 0, 1 ft/sec, and the other
using 1. 0 ft/sec. Since the previously reported continuous tracking study en-
compassed 45 minutes of tracking starting with the last nominal boost prior to
rendezvous, this study assumes three equally spaced batches of data that ter-
minate at 45 minutes. The orbital advancing program was used to produce
Program A inputs for the vehicle at 15 and 30 minutes based upon the Program
A inputs, from Note 468, at t = 0, Information matrices were then generated
for R (g = 3.937 x 10_2 ft/sec) from the two stations for three batch intervals

(t initial = 1,0, TJ = 15; tinitial = 16, TJ = 30; and t initial = 31, TJ = 45 min. ),

The input data sets for these three batches are shown in Figures 1, 2, and 3.
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Data Inputs for Information Matrices for First Batch of the
Lunar Rendezvous Problem
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Data Inputs for Information Matrices for Second Batch of the
Lunar Rendezvous Problem 3
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Figure 4 shows the various apriori inputs for the batching run using
apriori pseudo-bias uncertainties of 1,0 ft/sec. APF-7 is the apriori co-
variance of the state vector and pseudo-range rate biases assumed by the
real time filter, A-8is the reinitialized values of the variances in the pseudo-
biases to be used at the beginning of the second and third batches by the filter,
APN-9 is the actual covariance of the state at the beginning of tracking. Here
no pseudo-biases exist but the state vector uncertainty matches APF assumed
by the filter. APO01-10 and AP02-11 are the covariance matrices of two groups
of non-estimated nuisance parameters. Figures 5 through 12 show the data
inputs to the Batching Program. It should be noted that the first "Batching
Result" gives answers relative to the start of the first batch. The following
batch first projects these results to the end of the first batch (t = 15 min)
before adding new data. These are the results desired. For this reason the
last batch is followed by a "Project Covariance' routine to yield the covariance
at the end of the last batch., Apollo Note No. 464 explains these batching inputs

in greater detail.

Once the results for the 1,0 ft/sec pseudo-bias were obtained, the RDOT
BIAS numbers in Figure 4 were changed to (0. 1)2 and the routine was re-run,
The two sets of results are shown in Figures 13 and 14, These graphs show
the continuous tracking results, from Apollo Note No, 468, and in addition, the
batching results at 15, 30, and 45 minutes. These results are also tabulated

in Figure 15,

The most that one can conclude from this study is that with two stations
tracking during the terminal phase of lunar rendezvous, and with the assumption
that both apriori pseudo-bias uncertainties will be chosen equal in the real-time
filter:

1. The optimum apriori bias uncertainty appears to be between

0.1 and 1.0 ft/sec, with or without batching,

2. Batching does not significantly affect total or in~plane position.
nor does it affect in-plane velocity. The z component of velo-

city is degraded, through batching, as time progresses, reaching

maximum at 45 minutes of a 30% degradation with bias esti-

5% degradation with bias esti-
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The Bissett-Berman Corporation 2941 Nebraska Avenue, Santa Monica, California EXbrook 4-3270

APOLLO NOTE NO. 472 C.H. Dale, Jr.
(BBC Task 204) January 1967

OPTIMUM APRIORI VALUES FOR THE DOPPLER PSEUDO-BIASES
FOR MSFN TRACKING DURING THE FIRST TWO HOURS
AFTER TRANSLUNAR INJECTION

The object of this Note is to find the optimum apriori range-rate
pseudo-biases which, if used by the real-time ODP during the first two
hours after translunar injection, will minimize the state vector uncer-
tainty. This Note parallels Apollo Note No. 468, and no batching is

considered,

Burnout of the injection boost is assumed to occur att = 0 and all
three stations become visible and start tracking at t = 15 minutes. The
information matrices are produced using the Program A data inputs shown
in Figure l. Figure 2 shows the apriori inputs for a run with assumed
pseudo-bias uncertainties of 0, 01 ft/sec. Doppler noise was assumed to
be 3.937 x 10-'2 ft/sec. In alike manner other runs were made using
0.1, 1.0, and 10. 0 ft/sec values for the apriori pseudo-range-~rate biases.
The case of zero uncertainty in the biases was produced separately through
the use of the old OEAP along with the results for all real parameters esti-
mated and the results for estimating the orbit parameterz alone without in-
cluding the effects of nuisance parameters, This all parallels Apollo Note
No. 458 which studies the Lunar Rendezvous case. The results are tabu-
lated for tracking times of 16 (one minute of data), 25, 50, 80, and 120
minutes and appear in Figures 3 through 7. These tabulations show what the
RTODP would believe the uncertainties are along with the actual state vector
uncertainties for the cases of 0, 0.01, 0.1, 1.0, and 10,0 ft/sec initially

assumed pseudo-bias uncertainties.
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Tracking for the First Two Hours After

Figure 1 - Program A Inputs for Three Stations, Doppler
Translunar Injection



1,0000000z 08

AC 1, 1) = Al
Al 2, 2) = 1.00000008 08 A2
AC 3, 3) = L.U000U00E 08 AS
AC 4, &) = 1.00000060 u4 Ad
AC 5, B) = 1.u0000G0E U4 AD
AL 6, 6) = 1.000NQ00E G4 Ad
AC 7, /) = 1.0000000E-C4 R DOT BIAS M
Al 8, 8) = i1.0000000c-04 K DOT B81AS B
AC 9, 9) = 1.5000000E-04 R DOT BIAS A
AP 14

4 1, 1) = 1,0000000c 08 Al

Al 2, 2) = 1.000000C0E 68 A2

AC 3, 3) = 1.,00600000F GB8 AS

AC 4, 4) = 1.0000000= 04 A4

AC 5, 5) = 1.0060000E 94 AS

AC 6, 6) = 1.000000G% 04 A6

APO1 15
AC 7, 7) = 1.0000000% 04 UP MADRID
AC 8, &) = 1.0000000% 04 EAST MADRID
AC 9, 9) = 1.00G0000F 04 NORTH MADRID
AC10,10) = 1.U0UGUOUE 04 UP BERMUDA
A(11,11) = 1.0000000% G4 EAST BERMUDA
A(12,12) = 1.0Cu00G00F G4 NORTH BERMUD
A€(13,18) = 1,006000UZ 04 US ASCENSION
‘A(14,14) = 1.00060000c 04 EAST ASCEN
A(15,15) = 1.00UCU0UE (4 NORTH ASCEN
A(16,16) = 1.0000000E-01 NOH MADRID
A(17,1/7) = 1.00000060E-01 NUH BERMUDA
a(13,18) = 1.U000000E-01 NUH ASCEN
A(19,19) = 1.,76U000008 22 E-% MU EARTH
A(20,20) = ¢.5000U060E-05 MAD CL BIAS
A(21,21) = 4.00U0000E-20 MAD CL RATE
A(22,22) = 4,000000CE-36 MAD CL ACCEL
A(23,23) = 2.5000000E-05 BER CL BIAS
A(24,24) = 4,0000000E-20 BER CL RATE

APG2 16
AC 7, 7) = 4,3000000E-36 BER CL ACCEL
A(C 8, 8) = 2.2040C000E-G> ASN CL BTAS
AC 9, 9) = 4,00000049F=20 ASN CL RATE
AC10,10) = 4.00V0U00F~36 ASN CL ACCEL

Figure 2 - Apriori Covariance for: Filter with

0.01 ft/sec Biases (APF-10), State Vector
att= 0 (APN-14), and Two Non-Estimated
Nuisance Parameter Groups (AP01, AP02-16)
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-Actual Uncertainty

Filter Uncertainties

4A11 Parameters Eéﬁmated

Apriori t= 16 t= 25 t= 50 t= g0 t=120

o Pos 1.732+4] 3.065+4 3.088+3:1 7.132+3 9.720+3 }8.491+3
¢ Vel 1.732¢2f 2.046+1 | 2.41440 | 2. 53560 1.945+0 {1.01140 .
o x 1.000+4f 6.60243 | 1.887+2 { 6. 124+2 | 7.499+2 |6. 87042
oy 1.000+4f 1.596+4 | 2.595¢3 [ 6.440+3 | 8.941+3 §7. 29743
cz 1.000+41 2.53244 | 1.665+3 {3.003+3 | 3.740¢3 |4 11343
¢ % 1.000+2} 1.414+1 | 1.67340 1.313+0 | 8.202-1 [3.607-1
oV 1.000+217.076+0 | 1.511+0 | 2, 058+0 | 1.69410 |8, 8a7-1
Cz 1.000+2{ 1.298+1 | 8.608-1 {6.818-1 | 4.900-1 |3, 309-1
In Plane Pos 1. 414+ 4 .

" In Plane Vel 1.414+2

o Pos 1732441306344 | 3.181+2{3.28142 | 4.64142 |6, 15042
o Vel 1.73242 1:2.043+1 | 2.098-1{1.109-1 | 9.070-2 7. 449-2
o x 100042 16.599+3 | 6.304+1{3.33061 | 3. 43801 |3 0gers
oy 1.000¢4 1159514 | 2.33502 |, 51842 4.177¢2 |5.641+42
oz 1.000+4 1 2 53044 | 2, 066+211.649+2 | 1.994+2 |2. 44142
g X 1.000+2 {1, 41441 1.354-115.515-2 | 3,661-2 |2.478-2
v ¥ 1.000+2 17.065+0 | 1.303-18,899-2 | 7.863.2 6. 706-2
¢ z 1.000+2 1 1.294+1 | 9,137-2 |3, gg9.2 2.652-2 |2.093-2
In Plane Pos - 1.414+4 | :

In Plane Vel 1. 41442
o Pos 1.732¢4 13,0654 | 1.710¢3 |1. 65043 | > 455+3 13, 35943
o Vel 1.732+2 |2, 046+1 1. 345+0 5.805-1 4.834-1 14,080-1
ox 1700044 F6.601+3 | 1.515¢2 [1,39742 | 1. 72242 |1.765+2
oy 1.000+4 |1.596+4 | 1.434+3 |1.39543 2.111+3 [2.935+3
oz 1.000+4 12, 53244 | 9.188+2 | 8. 70642 1.24143 [1.623+3
ok 1.000+2 11.414+1 | 8.973-1|2.684-1 | 1.805-1 |1.256.1
oy 1.00042 17 07640 | g, 371-1 |4 474.1 3.960-1 |3.471-1
oz 1.000+2 | 1. 298+1 5.509-1 2. 546-1 2.104-1 11,736-1
In Plane Pos 1.414+4

In Plane Vel 1.414+2

Figure 3 - First Two Hours of Trans-Lunar Injection

Apriori Biases = 0




Actual Uncertainties

Filter Uncertainties

Apriori Biases = 0,01 ft/sec

Apriori t=16 t=25 t= 50 t= 80 t=120
o Pos 1732+ 4| 3.065+4 | 3.067+3 | 4.567+3 | 3.831+3 |4.007+3
o Vel 1,732 + 2] 2.046+1 | 2.397+0 | 1.632+0 | 7. 772-1 {4.993-1
ax 1.000 + 4] 6.602+3 1.885+2 | 4.436+2 | 4.560+2 {5.470+2
oy 1,000 + 41 1.596+4 | 2.577+3 | 4.106+3 | 3.412+3 }3.478+3
oz 1.000 + 4} 2.532+4 | 1.653+3 | 1.950+3 | 1.683+3 [1.913+3
ok 1.000 + 2{ 1.414+1 1.662+0 | 8.457-1 | 3.345-1 |1.854-1
oy 1. 000 + 2] 7.076+0 1.50140 | 1.31140 {6.514-1 }4,194-1
oz 1.000 + 2| 1.298+1 | 8.561-1 | 4.805-1 |2.603-1 |1.977-1
gPos 1.732 + 4} 3,063+4 | 3.448+2 | 4.134+2 15.20242 6. 32442
ogVel 1.732 + 2} 2.043+1 | 2.324-1 {1.417-1 |1.017-1 l7.624-2
agx 1.000 + 4] 6.599+3 | 6.319+1 {3.804+1 §3.836+1 [3.538+1
oy 1.000 + 4 1,595+4 2.589+2 13.628+2 }4.702+2 5.768+2
oz 1.000 + 4§ 2,530+4 | 2.188+2 §1.945+2 {2.193+2 2. 57042
ok 1.000 + 2] 1, 414+1 1,524-1 §7,101-2 }4,123-2 [2.553-2
oy 1.000 + 2§ 7. 065+0 1.452-1 {1.145-1 }8.833-2 6, 852-2
o2 1000+ 2] 1.295¢1 |9.854-2 |4.384-2 |2.895-2 b.158-2
Bias Madrid 1.0 -02 } 1,00-2 9.978-3 19.098-3 17.967-3 [7.115-3
Bias Bermuda $1.0 -02 1.00-2 - 9.974-3 18.463-3 16.967-3 k.305-3
Bias Ascension}l.0 -0 1,00-2 9.994-3 §9.348-3 18.016-3 [.035-3

Figure'4 - First Two Hours Translunar Injection




Actual Uncertainties

Filter Uncertainties .

Apriori Biases = 0.1 ft/sec

t=.16

Apriori t= 25 t= 50 t= 80 t=120

o Pos 1.732 + 413, 065+5 2,08343 | 1.754+3 |2.58343 {3.734+3
o Vel 1.732 + 2} 2. 046+1 1.653+0 | 6.351-1 |5,171-1 }4.570-1
ox 1.000 + 414, 602+3 1.775¢+2 | 2.482+42 [3.304+2 |5.066+2
oy 1.000 + 411, 59644 1.755+3 | 1.488+3 .21343 |3.244+3
oz 1.000 + 4]2 53244 1.107+3 |8.935¢2 1.2914+3 [1.777+3
ok 1.000 + 211 4151  {1.128+¢0 |3.167-1 B.030-1 |1.523+3
oy 1.000 + 217 076+0  |1.024+0 {4.847-1 k.214-1 |3.859-1
oz 1.000 + 211 298¢1 |6, 421-1 }2.610-1 B.203-1 |1.916-1
gPos 1732+ 413 0g3+4  |1.037+3 | 5. 43042 L5.595+2 .. 44142
gVel 1732+ 215 0441 17.909-1 }1.931-1 }1.134-1 {7.923-2
ox 1.000 + 416 ¢00+3  |7.522+1 |8.524+1 1.001+2 9. 775+1
oy 1.000 + 41, 59514 18.675+2 }4.828+2 |5.008+2 5. 806+2
0z 1.000 + 442 53044 }5.626+2 §2.334+2 2.284+2 2. 610+2
ok 1.000 4+ 2} 1, 414+1 5.358-1 §1.044-1 }5.428-2 1{3.176-2
oy 1.000 + 2§17, 06640 §4.973-1 §1.516-1 [9.477-2 |6.926-2
oz 1.000 + 2} 1, 295+1 3.099-1 }5.825-2 3.036-2 [2.173-2
Bias Madrid 1.0 -1 |1.0-1 8.704-2 |5.941-2 }.714-2 [3.206-2
‘Bias Bermuda !1.0 -1 {1.0-1 8.493-2 }5.407-2 M.321-2 P.974-2
Bias Ascensionl1.0 -1 {1.0-1 9.484-2 {5.854-2 M.636-2. B.160-2

Figure 5 - First Two Hours of Translunar
Injection




Filter Uncertainties

Apriori Biases = 1. 0 ft/sec

Actual Uncertainties

Apriori t=16 t= 25 t = 50 t= 80 = 120
0 Pos 1.732 + 4| 3, 065+4 1.903+3 | 1.752+3 |2.578+3 3. 74643
o Vel 1.732 + 21 2. 046+1 | 1.525+0 |6.283-1 |5.121-1 la. 595-1
ox 1.000 + 4§ ¢, 602+3 1.77242 |{3.602+2 }4.591+2 J6.257+2
oy 1,000 + 4} 1, 596+4 1.633+3 |1.456+3 2.184+3 [3.241+3
oz 1.000 + 4} 2, 532+4 9.606+2 19, 046+2 |1.291+3 J1.771+3
ok 1.000 + 2} 1, 414+1 9.962-1 |3,300-1 {2.112-1 |1.¢27-1
oy 1.000 + 2§ 7. 076+0 9.244-1 [4.619-1 {4.102-1 [3.846-1
oz 1.000 + 2§ 1,298+1 6.914-1 {2 693-1 [2.222-1 1,§18-1
oPos 1.732 + 4} 3,098+4 2.196+3 17, 457+2 {5.865+2 . 474+2
cVel 1.732 + 21 2, 088+1 1.870+0 {3,050-1 {1.245-1 3. 031-2
ox 1. 000 + 4} 6. 646+3 3.182+2 (2, 607+2 §1.523+2 1. 138+2
oy 1.000 + 4] 1.604+4 1.923+3 e, 492+2 |5.182+2 }5. 81342
oz 1.000 + 4} 2. 566+4 1.01143 {2,582+2 {2.285+2 |2.613+2
ok 1.000 + 2} 1. 419+1 1.325+0 §2.076-1 [6.843-2 3.395-2
oy 1,000 + 2{ 7.252+0 1.065t0 §2,104-1 [9.934-2 {6.946-2
oz 1.000 + 2] 1.350+1 7.774-1 |7.535-2 [3.077-2 §. 173-2
Bias Madrid 1.0 +0 |} 9.991-1 5.839-1 12,003-1 |7.437-2 {3.774-2
Bias Bermuda '1.0 + 0 | 9.995-1 5.881-1 }1.846-1 [6.839-2 . 505-2
Bias Ascension!1.0 + 0 | 9-998-1  15.669-1 }).950-1 {7.307-2 3.720-2

Figure 6 - First Two Hours of Translunar Injection




Actual Uncertainties

Filter Uncertainties

Apriori Biases = 10 ft/sec.

Apriori t=16 t= 25 t= 50 t= 80 t= 120
0 Pos 1.732 + 4] 3.578+4 5.590+3 | 1.775+3 | 2.579+3 |3.750+3
o Vel 1.732 + 2| 2.633+1 5.046+0 f6.411-1 5.125-1 {4.596-1
ox 1.000 + 4] 6. 706+3 1.095+3 §3.967+2 | 4.646+2 16.256+2
oy 1.000 + 4} 1. 655+4 4,.927+3 | 1.472+3 2.184+3 }3.241+3
0z 1.000 + 4} 3.100+4 | 2.404+3 }9.087+2 { 1.291+3 {1.771+3
ok 1.000 + 2] 1.426+1 | 3.803+0 |3.463-1 | 2.122-1 |1.629-1
oy 1.000 + 2| 8.324¢0 | 2.76310 | 4.661-1 | 4. 101-1 |3. 846-1
oz 1.000 + 2§ 2.051+1 1.834+0 §2,717-1 } 2.222-1 11.918-1
ogPos 1.732 + 4] 5.180+4 5.944+3 } 7.688+2 | 5. 87242 §6.475+2
gVel 1.732 + 2| 4. 384+1 5.376+0 }3.171-1 {1 248-1 |8.033-2
ox 1.000 + 4} 1.021+4 1.154+3 12.76042 | 1.534+2 |1.140+2
oy 1.000 + 4} 2, 246+4 5.249+3 £6.683+2 | 5.186+2 }5.813+2
oz 1.000 + 4| 4, 548+4 2.546+3 §2.612+2 | 2.285+2 j2.61342
ok 1.000 + 2} 1, 871+1 4.065+0 }2.178-1 | ¢.876-2 I3.398-2
oy 1.000 + 2} 1. 716+1 2.93940 12.171-1 } 9 ,945-2 Jé. 946-2
oz 1.000 + 2] 3.60041 | 1.935+0 {7.733-2 | 3.078-2 B.173-2
Bias Madrid 1.0 + 1 | 9.292¢0 }2.149+0 j2.123-1 } 7.494-2 P3.782-2
Bias Bermuda 1.0 + 1 9.615+0 2.183+0 §1.957-1 6.892-2 PB.512-2
Bias Ascensioni1.0 + 1 9.821+0 2,008+0 §2.067-1 7.363-2 PB.727-2

Figure 7 - First Two Hours of Translunar

Injection




Figures 8 and 9 show RMS position and RMS velocity uncertainties
as a function of time and apriori bias assumptions. From these figures
one can conclude that apriori bias assumptions between 0.1 and 1. 0 ft/sec
will nearly yield state vector estimates as good as if all real parameters
were estimated. The results are so good as to suggest that no significant
further improvement could be obtained by batching or by treating the gravi-

tational parameter in any fancy manner in the filter for less than two hours

~of tracking.
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APOLILO NOTE NO. 473 L. Lustick
(BBC Task 204) C. H. Dale

THE EFFECT OF ASSUMED FILTER BOOST ERRORS
DURING LUNAR TRACKING

Purpose

The purpose of this note is to show the effect of filter

boost assumptions on the resulting actual error.

Introduction

In the real time Apollo filter the state components and
biases in the measurables are estimated. Since this filter isnot
in general the optimum filter the question is open as to what to
assume for filter boost uncertainties in terms of the actual boost
uncertainties. To illustrate the problem further let us consider
the problem of estimating a constant from two batches of data
separated by a ""boost''. From Note No. 449, the optimum filter

assuming the two estimates are independent is as follows:

cov a cov a
2 1
a = cov a, + cova a1 t cov a, + cov a aZ
1 2 1 2
where
a1 = estimate from first batch of data
a, = estimate from second batch of data
cov a1 = covariance of actual errors in estimate
of a, from tracking

cov a, = covariance of actual errors in estimate

of a, from tracking




let

S COV aj = cov a, + covAb = actual uncertainty in estimate
subsequent to ""boost"
then
A cov a, cov a,
2 % ova ¥ cov a, 3 + cov a, + cova, 22
3 2 3 2
cov a, 1+ cov Ab
A cov a, cov a,
a = a, + a
covAb cova, 3 cov Ab cov a, 2
1+ + 1+ ——n -—
cov a, cov ay cov a, cov a,

From this last expression we see that the relative weighting of a, and

a, depends on the ratios (cov aZ/cov al) and (cov Ab/cov al).

ince the relative weightings are determined in the filter
with filter covariances a rational assumption for the filter assumed

Ab is

- boost uncertainty, covp

_ cov_, a
covF'Ab = (—-——F;——l) cov Ab ,

cov a
1

This study was designed to investigate this problem on a typical Moon
phase Apollo trajectory.

Conditions

The trajectory in this problem is that of the LM in the termi-
nal phase of rendezvous. The actual orbit and stations are as defined
in Apollo Note No. 468.

The batching program was used to do this study and the filter
estimated the state vector and pseudo biases in each of the measurables.
The pseudo bias estimates were carried across the batch. The apriori
uncertainty in the estimated biases was 0.1 ft/sec. No error in H
of the filter was assumed. All nuisance parameters with the exception

of refract

¢ apriori uncertainty in these para-
meters are as defined in Apollo Note 468. The apriori on the state was

5,000 ft. in position and 10 ft/ sec. in velocity components,



- The covariance of the actual boost errors was diagonal and

the standard deviations in the boost components were as follows:

Radial velocity error = .3 ft/'s.ec.
Horizontal velocity error = . 5 ft/sec.
Out of plane velocity error = . 3 ft/sec.

The actual errors were determined for ratios of filter boost

standard deviation to actual boost standard deviations of 0, 0.1, 0,5,
1.0, 10, 100,

The tracking was with two stations, a master and one slave,

The following three tracking situations were 1nvest1gated

Case I: Track for 15 minutes at which time a boost occurs.
The boost i followed by 30 minutes of tracking and the re-
sults are presented for the state components at the end of

tracking (45 minutes).

Case II: Track for 15 minutes at which time a boost occurs,
The boost is followed by 15 minutes of tracking and the errors

in the state vector at 15 minutes are presented.

Case III: Track for 30 minutes at which time a boost occurs.
The boost is followed by 5 minutes of tracking and the errors

in the state vector at 45 minutes are presented.

Results

Table I compares the errors in the filter world with the actual
errors on the state vector at 15 minutes prior to the boost. The first
thing that should be noticed is that with the exception of the z and z com-
ponents the filter and real world errors are approximately the same,

It can also be seen that the boost errors used are significant compared

to the filter errors in the in plane velocity components and insi



in the out of plane component, %. From the previous analysis, we
might therefore expect a relative insensitivity in our results in the
out of plane components and an optimum in the in plane components

when the boost filter error was a little less than the actual errors.

In Table 2 and Table 3 the actual errors as a function of the
ratio of assumed filter boost standard deviation to actual boost stan-
dard deviation are shown for Case I and Case II, respectively. It can
be observed from these tables that the minimum in plane errors occur

at a ratio of filter boost error to actual boost error between 0. 5 and
| 1.0 and that further, this is a rather flat optimum. The out of plane
components are relatively insensitive to the assumed boost error
ratio,

Table 4 shows a comparison between the filter errors and the
actual errors prior to a bo’ost at 30 minutes after 30 minutes of track-
ing. In this case the filter and actual errors differ by more than they
did in Case I at least in in plane components and the actual boost
errors in the in plane components are much larger than the filter

errors.

Table 5 shows the actual error as a function of assumed filter
boost error to actual' boost error for Case IIl. Although, this case has
much more tracking prior to the boost and much less after the boost
than Case I the optimum filter boost error to actual boost error ratio
is still approximately 1.0, Case III has much more degradation than
Case I, however, for an assumed boost to actual boost, error ratios

greater than 1.0,

Conclusions

For a continuous tracking interval during lunar operations in
the Apollo mission of 45 minutes or less that are interrupted by an
intervening boost, there is very little, if anything, to gain by assuming

the filter boost errors different than the actual boost errors,



Filter Errors
at 15 Minutes

Actual Errors
at 15 Minutes

Total Pos.

Miss

Total Vel, Miss

Std. Dev,
Std. Dev,
Std. Dev.
Std. Dev,
Std. Dev.

Std. Dev.

X

Yy

xo

N

5,712 + 3
5.954 + 0
2,301+ 2
7.47 + 2
5.658 + 3
. 2174
. 6945
5.909

7.240 + 3
8.497+ 0
2.546 + 2
7.65 + 2
7.195 + 3
.2625

. 7031

8. 464

Table 1 -~ Comparison of Filter and Real
Error Prior to Boost at 15 Min.
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Filter Brrors
at 30 Minutes

Actual Errors
at 30 Minutes

Total Pos.
Total Vel,

Std.
Std.,
Std.
Std.
Std.
Std.

Dev,
Dev,
Dev,
Dev.
Dev.
Dev,

Miss

X

y

N

Miss

4,208+ 3
3.359+ 0
2.762 + 1
7.407 + 1
4,207+ 3
4,792 - 2
3.332 -2
3.358+ 0

4.906 + 3
4.213+ 0
1,006 + 2
1.205+ 2
4.903 + 3
9.697 - 2
6,658 - 2
4,211+ 0

Table 4 - Comparison of Filter and Real Error
Prior to Boost at 30 Minutes
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The Bissett-Berman Corposation 2941 Nebraska Avenue, Santa Monica, Californpia EXbrook 4-3270

APOLLO NOTE NO. 474 | C.H. Dale
(BBC Task 204) Feb. 1967

THE EFFECT ON ACTUAL STATE UNCERTAINTY OF ASSUMING
AN IMPERFECTLY KNOWN GRAVITATIONAL CONSTANT
IN THE RTODP FILTER ’

The Real Time Orbital Determination Program has, as an
option, the ability of assuming that the gravitational parameter
is not known perfectly. This allows the downweighting of past data.
This Note shows that for tracking during the terminal phase of
Lunar rendezvous, itis best to assume that y is known perfectly.
Of course, this tracking interval is only 45 minutes long and no
distant projection of state covariance is studied. It might be most
appropriate to assume that p is imperfectly known when two periods
of tracking are separated by an orbit or so and when the state co-

variance is desired near the end of the second tracking period.

The technique of this analysis is to use the batching program,
set up in such a manner as to carry‘ each entire batch estimate across.
Eight parameters (six orbit parameters and two biases) are estimated
during any one batch. Generally, only. the orbit parameter covariance
is maintained as apriori data for the next batch, while the biases are
re-assumed to be zero with some apriori uncertainty, Carrying an
entire batch across to the next batch means that the entire 8 x 8 is
used as apriori covariance to be combined with the new batches track-
ing. The runs made in Apollo Note Mo, 471 were slightly modified for
this purpose. In Note 471 three fifteen minute batches were used to
study the effect of batching when the pseudo biases used in the filter
were reinitialized with 0. 1 ft/sec uncertainty for each batch. In this
Note the estimates of the pseudo-biases are carried across each batch,
and if no other changes had been made, the result would be identical
to the continuous tracking case reported in Apollo Note No. 468, How-
ever, what was done was to parametrically change the assumed p  un-
certainty in the filter from zero {producing the Apollo Note No. 468 result)
to 1/10, 1/3 and the full actual y uncertainty existent in the real-world
(o0 p actual = 5x 107 ft3/sec2).



If the above seems a bit confusing, looking at the data inputs

will clear things up a bit, This is what was done:

1) The Information Matrices generated by Program A's

were produced as shown in Apollo Note No., 471,

2) APF, the apriori filter covariance, was entered iden-
tically to Note No, 471 with apriori range-rate pseudo-
biases of 0,1 ft/sec. '

3) APN, the apriori actual state covariance, was entered
identically to Note No, 471, and equalled the filter
covariance on the state parameters. A ''one' was
entered in APNIZ, 12 S° that the computer routin¢
would realize that the noise covariance should be
greater than a 6 x 6 (in this case an 8 x 8); this is a
temporary stratagem to overcome a program defi-

ciency.

4) APO1 and AP0O2, the two nuisance parameter groups,
were entered identically to Note No, 471, '

5) An apriori, A, input was used to enter the variance
in p assumed by the filter for all four parametric
runs, This looked like:

A 8
A(7,7) = 1.0 E-10 an insignificant p variance
A(8,8) = 2,5 E+17 filter uncertainty = 1/10 actual uncer.
A(9,9) = 2.5 E+18 filter uncertainty = 1/3 actual uncer,
A(10,10)= 2.5 E+19 filter uncertainty = actual uncer,

Now with all information matrices and apriori inputs generated
we will follow through the first run, wherein an insignificant y filter
uncertainty is assumed. This is designed to produce results equal to

the 0. 1 apriori bias, continuous tracking, non-batching results shown



in Figures 8 and 9 of Apollo Note No, 468. This first run thus checks

the analysis and computer program for our purposes before performing

the three meaningful runs.

6)

7)

8)

9)

The first batch "Program B Control" sheet is identical
to Note No., 471, however in the filter allocation the

7,7 term of "A' data set 8 is placed in 23, i.e., the

10” 10 [ covariance is placed in the first non-updated
diagonal element, The remaining allocation is identical
to Note No. 471, The resulting covariance matrices
produced by this first batch (15 minutes of tracking at

t = 0 epoch) are identical to those of Note No. 471 since

the p term only appears on projection.

The second batch Program B Control sheet is again id-
entical to Note No. 471, In the filter group allocation
PF is brought in as is, i.e., the biases are carried
across the batch. The 15 minute Q matrix from data

set 001 is no longer brought in as a 6 x 6; i is allocated
to column 23 to correspond to the previously allocated
filter (see 6 above), In the noise group allocation PN is
also brought in as is which brings in the whole previously
generated 8x8 noise, Again in the nuisance parameters
group allocation POl (or P02) is brought across the

batch maintaining the bias terms in 07 and 08.

The third batch is handled identically to the second
batch,

Following the last batch a ""Project Covariance' Program
B routine is performed. Again the Control Sheet is iden-
tical to Note'No. 471. For the filter group allocation, PF
is brought in as is and the 45 minute Q matrix has p allo-
cated to column 23, In the noise group allocation PN is

brought in as is, For the two nuisance parameter groups

P01 and P02 are brought in as is.



This completes the first run, The second run differs from the
first run in the first batch filter allocation, where A(8, 8) instead of
A(7,7), from Data Set 008, is placed in diagonal element 23, For the
third run A(9, 9) is used and for the fourth run A(10, 10) is used.

The results are shown in Figure 1, What is most important is
the fact that the actual results are not strongly affected by the p filter
assumption, It appears that the in-plane uncertainties get slightly
larger monotonically as the filter p uncertainty assumption grows
from zero to the actual py uncertainty., The out-of-plane position and
velocity uncertainties are constant as the filter py uncertainty varies,
which is to be expected since the z and % are not effected by errors
in y for projectidn. These results, though appearing to suggest the
simplest of p assumptions in the filter design, should not be taken
too seriously until the more interesting cases of protracted tracking

and projection are studied.
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The Bissett-Berman Corporation‘ 2941 Nebraska Avenue, Santa Monica, California EXbrook 4-3270

APOLLO NOTE NO. 475 C. H. Dale
(BBC Task 204) Feb. 1967

THE EFFECT ON ACTUAL STATE UNCERTAINTY OF ASSUMING
AN IMPERFECTLY KNOWN GRAVITATIONAL CONSTANT
: IN THE RTODP FILTER

II

This is an addendum to Apollo Note No. 474 which studied the
effect of assuming that u is imperfectly known in the RTODP filter
during 45 minutes of Lunar orbital tracking. This note shows that when
two lunar tracking periods are separated by a full orbit, no significant
u downweighting effect exists, which was also the conclusion of the pre-
vious Note for a shorter projection interval. That is, the orbital esti-

mate covariance is not affected by the uncertainty in u used by the Real

Time orbital processor.

In the analysis reported herein, a fifteen minute batch was followed
by exactly one orbit measured from the beginning of this first batch, at
which time a second fifteen minute batch was taken. The Program A's
for these two batches correspond exactly to those used for the first fifteen
minute batch reported in Note 474 except that a QF time of one orbit (128.4738
minutes) was added to the first batch and, the TI (initial), T orbit, TJ, and ‘
QF times for the second batch Program A's were appropriately changed. A
"Project Covariance'' routine followed the second batch giving the result at

the end of the second batch. The results are shown on the following page.
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The Bissett-Berman Corporation 2941 Nebraska Avenue, Santa Monica, California EXbrook 4-3270

APOLLO NOTE NO, 476 J.R. Holdsworth
(BBC Task 207) '

AN APPROXIMATE SCALING LAW BETWEEN R BIAS ERRORS
AND CLOCK PARAMETERS FOR LUNAR ORBITS

The purpose of this Note is to present some computer
results which have relevance to the question as to whether it is
possible to develop a simple empirical scaling law whereby the -
effects of R biases and clock parameter errors may be made
comparable. In earlier error analyses, computer results have
been obtained for various combinations of R biases. The results
of the present Note should give some indication of the numerical
values of the clock parameters fequired to give results in some
sense comparable to those obtained from earlier runs using

biases on the range-rate measurable,

The particular reference orbit employed was a lunar
parking orbit with the following characteristics. The orbit was
circular with an altitude of 80 nautical miles above the lunar sur-
face., The inclination of the orbit plane with respect to the Earth's
equatorial plane was 175 degrees, and the period is about two
hours. The initial time was chosen to be such that the vehicle
was directly behind the Moon at that instant. Thus it emerges
from the shadow zone after 22 minutes. When it emerges it is
tracked by a three-way Doppler configuration consisting of Madrid
as the master station with Ascension and Grand Bahamas as the

slave stations.

On the basis of measurements received, the six compo-
nents of the state vector are estimated, i.e., the three components ‘
of the vehicle position vector and the three components of the véhi-
cle velocity vector. For a fixed tracking time the six by six co-

variance matrix is computed at the end of the tracking time and




and its time development observedvby mapping it forward around
the orbit in 15 minute intervals of time. This was done for the
rms. position and velocity errors due to the R measurable
biases, and for the rms. position and velocity errors due to

the clock parameter errors. That is, the multiple station
program was employed, first to determine the rms. position
and velocity errors due to an R bias and second to determine
these same errors as caused by the clock errors: i,e., the

clock offset and the clock rate errors.

These runs were made for tracking times of about 15,
20, 25, 30, 35, 40, 45, 60 and 75 minutes respectively. The
numerical values of the clock offset and the clock rate errors
were taken to be 0, 5 x 10-3 secs,, and 10-11 sec., per, sec,
respectively. The following numerical values were assigned to
the R measurable values and their sigmas. For the master sta-
tion, Madrid, the bias on the measurable was taken to be 0, 03
ft/sec with a standard deviation of 0,.02 ft/sec. For each of the
slave stations, Ascension and Grand Bahamas, the bias on the
measurable was 0.2 ft/sec with a standard deviation of 0, 038.
ft/sec.

Numerical Results

Figures 1 through 9 show comparative tabulations of
the ratios of r. m. s. position error due to the R bias to that
due to the clock parameters; as well as the ratio of the r, m, s,
velocity error due to R bias to velécity errors due to the clock
parameters. For various fixed tracking lengths, these ratios
are computed as functions of time along the orbit beginning with
the end of tracking. The tracking times chosen were 15, 20, 25,
30, 35, 40, 45, 60 and 75 minutes.




Inspection of these figures reveals some interesting
facts. First of all, from Figure 1 we observe that for a track-
ing time of 15 minutes that the ratios OPRB/ Opcy, 2nd OVRB/
Oyci, are almost constant functions of time around the orbit,
Moreover, these constant ratios are approximately equal, That
is, even though there is a considerable variation in the sigmas
OPRB(T)’ UPCL(’I‘), GVRB(T)’ UVCL(T) as the vehicle makes
two complete orbits, the ratios OPRB/UPCL and OVRB/ ovCL
are very stable and essentially constant. This suggests the possi-
bility that the effect of the clock parameters on the uncertainties
in the state vector for a lunar parking orbit might be adequately
accounted for by using the R bias and multiplying by a simple
scale factor,

As we tabulate the resilts of similar computations for
different values of the tracking time an interesting, albeit some-
what disturbing pattern begins to come forth, For example, for
a tracking time of 20 minutes both OPRB/ Opcp, and UVRB/OVCL
begin to exhibit a much stronger dependence upon the epoch time
than in the case of the 15 minute tracking time. The individual
terms UPRB(T), cPCL(T), oVRB(T), and CVCL( T) are in and
of themselves no more sensitive functions of epoch time T than
they were for a tracking time of 15 minutes, Indeed as we have
already mentioned, the four individual terms UPCL( T)f GVRB(T),
UVCL( T), OPRB(T) were quite variable functions of epoch time
T for the 15 minute tracking even though the ratios OPRB/ Opcr
GVRB/ Oycy, Temain almost constant,

For the 20 minute tracking time, there appears to be a
phase shift or misalighnment which, although it does not cause
the individual sigmas to drastically alter their character, is none
the less sufficient to make the ratios OPREB

lopcr, 2nd oypp/oycr,
more sensitive functions of elapsed time around the orbit,




For a tracking time of 25 minutes this tendency is even
more pronounced, i,e., there is a very irregular or wavy varia-
tion of both GPRB/ Opcy, and OVRB/ Oycp, 2S a function of
elapsed time around the orbit, This may be observed by visual

inspection of Figures 2 and 3.

The situation ‘appears to achieve its most chaotic form
for a tracking time of 30 minutes. For this tracking time both of
the ratios UPRB/ Opcy, and UVRB/ Oycy, vary from approxi-
mately 4 to 12. Moreover, they do not vary in a synchronous

manner, i.e., CPRB/ Opcy, and UVRB/ Oycy, are no longer
approximately equal for the same values of the epoch time and
along the orbit, The tabulations for a tracking time of 30 minutes

are exhibited in Figure 4,

As the tracking times increase, another interesting pheno-
menon occurs. The dependency of the ratios OPRB/UPCL and
OVRB/ Oyci, “pon the elapsed orbital time begins to die out, Fig-
ure 5 illustrates this point for a tracking time of 35 minutes. The
tendency is even more pronounced for a tracking time of 40 or 45
minutes. Indeed at these larger tracking times the dependency of
the ratios UPRB/UPCL and OVRB/UVCL has almost disappeared

so that the ratios are once again constant,

Conclusion

In this Note we have examined the dependence of the quantities
UPRB/ OpcyL OVRB/ Oy, Upon the elapsed time around the orbit,
This was done for a lunar parking orbit with the intention of seeing
whether it would be possible to develop a simple scaling procedure
to render comparable the error contributions of the clock parameters
and R bias terms to the state vector position and velocity errors, It
was found that for short tracking times i.e., 15 minutes that the ratios

. . ] nstan ual £

OPRB/ OpC L OVRB/ Oycy, 2re almost constant and equal for at least
two periods of the orbit, their common constant value being approxi-
mately 11,8, For tracking times between 20 and 35 minutes the
ratios OPRB/ Opc 1 UVRB/ Oycy, ceased to be constant along the




orbit and varied considerably. Moreover, they did not vary
synchronously, i.e., the ratios were no longer approximately

equal for the same tracking and epochal times.

For the larger tracking times which were examined,
i.e., 40, 45, 60 and 75 minutes, the dependency of the ratios
GPRB/UPCL’ GVRB/CVCL seems to die out again. In addi-
tion, for these greater tracking times the values of the ratios
are approximately equal to the same constant which is roughly
4,

Translunar orbits and Earth parking orbits were not
considered in this Note. Earth parking orbits were not men-
tioned since 3-way Doppler measurements are not used for
these trajectories, Translunar orbits will be considered in a

further note,




1 @andrg

2 eand1 g
0% *¥1 01 0l 81¢
01 *21 99 °6 _ €02
82°6 06 €1 88T
G0 °6 09 °11 €Ll
05 "¢l 10°6 8G1
08 ‘11 96 °8 Pl
SL°8 09 "¢l 871
86 "L 0L°11 €11
08 °11 12°8 86
00°T1 00 °L €8
08 "L 0¥ "0l 89
08 °9 0211 €9
TDA 104, N
ayA gyd

v 21 L1t 817
b2l Z°11 €07
9°11 €21 881
Z 11 9°21 €L
A 9°11 8S1
921 2Tt €¥1
G 11 z2°2l 8zl
6°01 921 €ll
L11 pUTT 86
L7721 901 . €8
vl 9°11 89
901 z€l €S
(L)T1DA, [ (2104, N
(I1)9¥A, \ (Waydg,

§9InUIN (¢ Jo Luwig,
Sunyoes] YItm soney J0Iaq £310070 A

pue uonisoq arenbg uesjy j00y

SeINUT G JO awILy,

upoel], YItm soney 1oxay 310010

Pue uonyisog oaenbg uespy 300y




¢ 2an3r1 g

SL P S8 'L 812
01 ‘0T 88 'L €02
069 00 ‘%1 881
87 ‘L G€°6- €41
09 ‘€T $6°% 89T
0S '6 81 'L €71
12°9 07 "€l 821
06 'S v16 €11
02°11 2% g 86"
96 °L SL'% €8
98 ¥ S ‘6 89
15 % S6°L €5
TOA, YA, 10d, 8¥d |

s9jnUIN GZ Jo 2wl Sunjoea]
TITM soney Joxay A31oofop
pue uonisoq aaenbg uesyy jooy




$ eandrg
oL ¢l 29°s 81¢
8¢ "9 ¥9°s £0¢
29 % 09 *21 881
4] 08 °S €Ll
G0°21 1'% 891
98 ‘g 0¢'s 124
91 % 0e 11 871
9% ¥ ¥Z°s eIl
88 '8 16 °¢ 86
81 % 86 ‘¢ €8
LS ¢ 9¢ ‘L 89
LL'¢ 4V 4 1 3]
201D T2A SINY 201D sod SINY I
Seld ¥ I°A SINY Serd Y sod SIWY

S9INUT (¢ JO SWILL Sup{del] YIIM
soney Jo0aa A3100]9 A pPue uonisog aaenbg uesy jooy




G 2and1 g

9 2an31 g
9L 'S 99 °¢ 81¢
e e 6¢ °¢ €02
ve'e L% 881
o °¢ ¢ °¢ €Ll
9¢ ¥ e °¢ 891
2¢ ¢ 8¢ °¢ 1341
€¢ ¢ S0V 871
LE "€ 62 °¢ €1l
¥9 °¢ 0€ °¢ 86
82 °¢ g¢°¢ €8
627 °¢ 8% °¢ 89
40>b\~.~>b AU&b\ﬂHnﬂo I

0€ ‘01 . €9 °¢ M:U
€L¢ 16°¢ €07
6§ '¢ ra e 881
68 ‘¢ 6S ‘¢ CLI
PL L 99 °¢ 8¢ 1
95 ‘¢ 28 °¢ CFI
474 26°9 871
89 °¢ 9¢ ‘¢ ¢rt
SZ°g be °¢ 86
61 °¢ €G °¢ €8
2€°¢ 8S ¥ 89
TOA, (EYA, 104, \mmmb 1

S9INUIA OF JO SunOeL] YIIM SOTIBYY JI0IIF
£310072 A PU® UOISO4 @a1enbg ues]N joo0y

89JNUIN G¢ JO Sum{dBL] YIIM SOTRY JI0II5[
£310079 A pu®e UOWISOg @aenbg uesy jooy




L @andi g
68 '€ 87 °¢ 812
0€ *¢ 87 °¢ €02
82 "¢ 6% '€ 881
82 °¢ 1€ ¢ €LT
€% °¢ L2 € 851
. 0€ "¢ L2 € €% 1
62 °¢ be g 821
LZ °€ 62 °¢ eIl
52 '€ €7 ¢ 86
87 °¢ 12°¢ €8
92 *¢ €2 "¢ 89
(L)TOy, (@)T9y,
(2) ¥y, ()%, =

S9INUIN G JO SumioeI] YIIM SOTBY Ioxany
£310019\ PuU® UOTISOJ oaenbg ueop jooyg

10




6 @2an3d1 g

¥8 '€ 89 ¢ 812
69 °¢ 2L s €02
89 '€ 2Le 881
$9°¢ 69 °¢ €LT
89 '€ LS "¢ 8s1
0L € 89 '€ £¥1
89 °¢ €9°¢ 821
99 ‘¢ oL'g €11
€9 °¢ 89 ‘¢ 86
TOAg ¥A, Tod, GY¥d, | o

S9INUYAN G JO SUD{OBIL, YIIM so|ey J0Idy
£310079 A pue uonrIsoq aaenbg ueoly jooy

8 w.usm..n..m
LS ¢ IS °¢ 81l¢
GS °¢ 0§ ‘¢ €0¢
16 '¢ LY '€ 881
6% '¢ Gg °¢ Ll
LY ¢ 1S °¢ 861
PG °¢ 16 °¢ el
2S¢ ¥ ¢ 871
6% ¢ 9g ¢ ell
€V ¢ 19 °¢ 86
TOAg /BN, T10d JLTC O 1

§9INUIN (9 JO SBumnded] Yim soney JoIIq
£310019 A pue uUOnIsog aaxenbg ueoN 300y

11




w

The Bisssit-Berman Corporation 2941 Nebraska Avenue, Santa Monica, California EXbrook 4-3270

APOLLO NOTE NO, 477 J. Gregory
(BBC Task 203) G. Hempstead

REPORT OF MODIFICATIONS TO THE (DEC 10)
RTODP-OEAP PROGRAM

The purpose of this Note is to report on the programming changes
to the RTODP-OEAP program (Dec 10 Program). The development of
these changes has been discussed in Apollo Note No. 470, The seven new

features considered in Note 470 were:

1. Shift 5. QE
2. Consolidation 6. QR
3. Arbitrary weights 7. QP
4., Different noise in the

filter and real world

Appendix A gives the litest flowchart for the CALC subroutine.
This subroutine is the major computational part of Program B of the
RTODP-OEAP program. In particular, items 3 to 7 above will be found
in CALC. '

Appendix B describes the program output from CALC and the in-
ternal and external flags used by CALC., This output includes (almost)
all output of Program B of the RTODP-OEAP,

Appendix C is a small test case to check items 3 to 6. In acdition,
the new procedure for obtaining fixed radius results is described. The .
results of the test case agree (almost perfectly) with the old OEA Program,
The insignificant errors are probably due to the fact that the method of
operation is not the same for the two programs. The corresponding run

for the old OEA Program is also included in Appendix C,




Items 1 and 2 have also been checked to perform as described,
but as no calculations are actually made. We will only remark that they
are performing successfully as described in Apollo Note 470. Item 7
has been checked by an independent test case which is not shown.,

Finally, we recall the remark in Note No. 470 pertaining to the
QR section, i.e., the time T nominally corresponding to fixed r is
determined in a preliminary program or is otherwise available as an
input (an example of a data set which finds time T corresponding to
fixed r is given below).

The following data set was used to find the time corresponding

to the fixed radius. This time was then used in our new OEA test program,

1 2. 1425738E 07 Al

2 -3. 0000000E 02 A4

3 2.5631800E 04 A5

4 1. 0000000E 00 GAM ID

5 BETA

6 XI

7 3. 0000000E 01 ETA

8 2. 0000000E 01 ZETA

9 1. 0000000E 00 LLAMBDA
10 3. 8000000E 01 ALPHA
11 7.2921561E-05 OMEGAE
12 OMEGAM
13 2.0925738E 07 RHOE
14 RHOM
15 1. 4076530E 16 MU
16 1. 0300000E 02 TIME
17 2.1335738E 07 RE RAD
18 LT SLP
19 2. 0000000E 01 1.O SLP
20 RD IND
21 R IND
22 Q IND
23 QF IND
24 Al IND
25 A2 IND
26 PVWIND
27 1. 0000000E 02 T INIT
28 1. 0000000E-15 T INCR
29 1. 4000000E 01 DIMENS
30 LAMB2
31 ALPHA?2
32 1. 0000000E 00 MS IND
33 1. 0000000E 00 FMIND
34 1. 0000001E 00 VISIND
35 1. 0000000E 02 T CLK
36 1. 0000000E 02 T XYZ
37 1. 0000000E 02 T ORB
38 1. 0000000E 02 T TILD
39 1. 0000000E 02 T SHIP

QR MATRIX 2 QR R =2,1335738E 07

TIME = 1,0511455E 02



APPENDIX A

The purpose of this appendix is to provide a logical flow diagram
for subroutine CALC. This subroutine is essentially described on pp.
19-24, Apollo Note 437,

The statement numbers in the program correspond to Note 437
in that: 1,2,3 in the thousands position correspond, respectively, to
the Filter, Noise, and Non-estimated Parameter sections of the Note;
while the numbers in the hundreds position of the statement numbers in
CALC are the same as those of the Note, Thus, CALC statement num-
bers 1200 - 1299 correspond to the subdivision number 2 of the Filter
description in the note.

The flags and their meanings (which are used in CALC and in the

flow diagram) are:

EP = 1 for MQ; = 0 for Epoch change; = 1

otherwise
FT = 0 setE@AEAB) = B@aDazT) = 0;+4 0

do nothing
KBNF = <1 for filter; = 2 for noise; =3 for groups
KROTI = 0 no Euler rotation; # 0 otherwise
NAB = NA if working on vehicle A; = NB otherwise
NBOO = 0 if no boost; J 0 otherwise
NCON = =0 if Condensation initialization; > 0 otherwise
NCOND = 0 output Condensation information; = 0 otherwise
NINF = 0 if Noise informa tion same as Filter; # 0 otherwise
NOQ = 0 no projection nor inplane rotation; # 0 otherwise
NPOST # O Post output desired; = 0 otherwise
NPRE = 0 Pre output desired; = 0 otherwise
NSHIFT = 0 if no shift; -1 if B into A; + 1 if A into B
NTPOST = 0 Post Total output desired; = 0 otherwise
NTPRE = 0 Pre Total output desived; = 0 otherwise
VEHIND = 0 if vehicle A; ¢ 0 otherwise

Al




The nomenclature in the fi.. diagram is consistent with Apollo
Note No, 437. Itis usually consistent with CALC, A notable exception is
that in CALC a matrix X is the "running' covariance matrix while the
projection or rotation matrices are loaded in TEMP; for example, in

CALC notation the projection of X is X = (TEMP) X (TEMP) T.

A2
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APPENDIX B

The purpose of this appendix is to describe the program output
from CALC and the output flags for CALC, The external flags which
specify the desired output are B, A, BT, AT, and C which appear re-
spectively in columns 34-38 o‘f the "batch'" card in Program B, The

. output flags in CALC are NPRE, NPOST, NTPRE, NTPOST and NCOND,

By "on'" we will mean a non blank alpha-numeric character has
been placed in the proper column of the "batch" card. By "off" we will

mean that a blank is in the proper colurnn of the "batch'" card.

If B is "on" the filter covariance matrix (before information and
boost errors added), the noise covariance matrix (before information and
boost errors added), and the individual parameter groups covariance
matrices (before information errors added) are outputted as 22 x 22.
matrices with the proper headings in outputs. In addition the correspond-
ing standard deviation of position and velocity for vehicle A and vehicle B,
and the square root of the main diagonal elements are outputted with the

proper labels,

If Ais "on'" the situation is as B alove, except that now the co-
variance matrices which we output have the information and/or boost

errors added and are in the new Euler sysicm.

If BT is "on'" the pre filter covariance matrix and the covariance
pre total matrix are outputted as 22 x 22 matrices, The latter is the sum
of the noise covariance matrix (PRE) and the individual parameter groups
(PRE). The standard deviation of position and velocity for vehicle A and
vehicle B, and the square root of the main diagonal elements arc outputted

as before for each matrix.

Bl




If AT is "on'" the post filter covariance matrix and the co-
variance post total matrix are outputted as 22 x 22 matrices. The
latter is the sum of the noise covariance matrix (POST) and the in-
dividual parameter groups (POST) in tle new Euler system. The
standard deviation of position and velocity for vehicle A and vehicle B,
and the square root of the main diagonal elements are outputted. In
addition, if there has been a Q projection, the QE, QP and QR
results are outputted for both thesematrices. These results are not

always meaningful, but are computed and outputted in any case,

The final external flag is N COND, If it is "on" the 6 x 6
matrix, COV (A - B) in the A local system is outputted with its stan-
dard deviation of position and velocity and the square root of the ele-
ments on the main diagonal, Following this is the 6 x 6 matrix,
COV(A - B) in the B local system with its standard deviation of posi-
tion and velocity and the squarc root of the elements on the main

diagonal,

In CALC "off" means the flag has value zero while "on'' means
a non zero value. NPRE is "on" in CALC if either B or BT is "on',
NPOST is "on'" in CALC if either A or AT is "on". NTPRE is "on" if
BT is "on" and NTPOST is "on' if AT is "on', Finally NCOND is

""on'"' if C is "on'".
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APPENDIX C

This appendix lists the results of a small test case, i.e.,
a run with the new OEAP program and the corresponding run with

the old OEAP program. We show the input data needed for these
runs and the results of the runs.

New OEAP

INPUTS - DATA SET 1

1 2.1425738E (7 A1l

2 . «3.0n000000E G2 A4

3 2.56X1800E 04 AS

4 1.0000000E 0O GAM ID
5 0 BETA

6 0 X1

7 3.000000NE 01 ETA

8 2.0600000E 01 ZETA

9 1.0000000E 0O LAMRBDA
10 3.B0N0000E 01 ALPHA
11 7.2921561E-05 OMEGAE
12 0 OMEGAM
13 2.0925738E 07 RHOF
14 0 RHOM
15 1.,4076530E 16 ML

16 1.0n300000E 02 TIME
17 0 RE RAD
18 0 LT SLP
19  2.0000000% 01 LO SLP
20 0 RD IND
21 1,0000000F 00 R IND
22 0 Q0 IND
23 -0 QF IND
24 -1,0000000E 00 A1 IND
25 -1 .,n000000E 00 A2 IND
26 0 PVWIND
27 1.0000000€ 02 T INIT
28 1.n000000E-01 T INCR
29 1.4000000F 01 DIMENS
30 0 LAMB?2
31 0 ALPHAZ
32 1.000000NF 00 MS IND
33 1.,000000NE 0O FMOIND
34 1.0000001E 00 VISIND
35 1.0000000E 02 T CLK
36 1.0000000E 02 T XYZ
37 1.000N00NE 02 T ORR
38 1.0000000E 02 T TILN
39 1..0000000E 02 T SHIP



20N O T AN e

sl

11

12

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
20
30
31
32
33
34
35
34
37
38
39

INPUTS

- DATA SET

2.14725738E 07
=3.,n00000n0F 02
2.5631800f 04
1.n0n00C0g 00

0
0

J.noeontnr 01
2.n0N00GNE 01
1.,n0n0000E 0O
g.ronono0E 01
7.2921561E-05

0

2.0925738E 07

0

1,407653nE 16
1.0511455E 02

0
0

2.0000000E 01

0

1,0000000E 00

n

1,0511455%F 02
-1,0000000E 00
-1.,n000000E 0N

0

1.n000000E 02
1.n0n0N0NE-15
1.40000n0NE 01

0
0

1.00n0000E& 00
1.n000000E OO0
1.n000001E OO0
1.,n000000E 02
1.0000000E 02
1,n000000E 02
1.0000000E 02
1.n000000E 02

1

Al

Ad

AS

GAM ID
BETA
X1

ETA
ZETA
LAMBDA
ALPHA
OMFGAF
ODMEGAM
RHOE
RHOM
MU

T IME
RF RAD
LY SLP
L0 SLP
RD IND
R IND
0 IND
OF InD
A1l IND
A? IND
PVWIND
T INIT
T INCR
DIMENS
LAMB?
ALPHA?2
MS IND
FM IND
VISIND
CLK
XY2
ORB
TILD
SHIP

- —t —
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At
Ad
Al
Al
A
Al

At
AC 8,

AL 9,

Al
A
Al
Al
At
Al

7

A

APN

1)
2)
3)
4)
5)
6)

PF

Ry
2)
3)
4)
5)
é)

¢ouwoonon

APO1

7)
8)
9)

AC10,10)

ot oo

i"oionou

2.5000000F
2.5000000F
2.5000000F
1.0000000F
1.0000000kE
1.0000000E

n

2.50000008 06
2.5000000F 06
2.50G60000F 06
1.00660000% 02
1.,0000000F 62
1.0000000F 02

hé
né
06
02
ne
02

2.50000008 03
2.5000000F 03
2,5000000k N3
1.9600000F 22
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Old OEAP

[N

~o::c\::>;n_:>

23
24
25
26
27
28
29
30
31
32
33
34
35
34
37
38
39

INPUTS - DATA SET

?2.142573RE 07

-3.00A0000% 02
2.56%1R00E 04

1.n0n0000g 0N

-0

-1

3.nonno00x 01

2.000n000NE 01

1,n000000% 00

3.8000000E 01

7.2921561F£~-05

-0
07
-0
1.4076530E 15

1,030000N0F 02

1,.0511455E G2

-0

-0

2.0000000F 01

=

1.00n0000E 0D

-0

1,0511455E 02

-1.,00n0000E 0O
-1,0000000E GO0
-0

1.000000N0E 02

1,000000NFE=-01

1.4000000F 01

-0

-0

1.npnonnng 00

1.0000000E DO

1.00N0001E 0O

1.000NN0DDE 02

1.,0000000E 02

1.,0000000E 02

L.n0no0NNE Q02

1.00000C00F €2

2,19257343

i

1

Al

Ad

AS

GAM 1D
BETA
X1

ETA
ZETA
LAMBDA
ALPHA
OMEGAF
OMEGAM
RHOE
RHOM
Ml
TIME
TIME
RE RAD
LT StLP
LO SLP
RD IND
R IND
Q IND
QF IND
A1 IND
A2 IND
PVWIND
T INIT
T INCR
DIMENS
LAMB2
ALPHA?
MS IND
FM IND
VISIND
CLK
XYZ
ORB
TILD
SHIP

et = —t

C9



11
12
13
14
15
16
16
17
18
19
20
21
2?7
23
24
25
26
27
2R
29
In
31
32
33
34
35
2h
37
38
3Q

INPUTS = DATA

2
-3
2
1

3

2,0600000E

1
3
7

2

1
1
1
2

2.0000000F

1
-1
1
-1
-1

1
1
1

1
1
1
1
1
1

1
1

14057 343E
LOOnQnNnE
LREZLRONE
LNONNoonNeE

LNONNNRONE
LNONn0GNE
LBuno0ont:

JP9P1561E

LN925738E

vi

L40765380E
LNA0NNONE
LN511485E
L133573A3E

LA0NDOGNE
LNonocone
JN511455E
LOONDNONE
LNennoone

LNongeoaE
LNO0NaNoNE
L4000000E

Lnenpnong
LNonangaE
L00N0001E
Lhonnnnge
Lrenooldng
LNonpeong
LJhgnnoanng
LNONOOONE

SET

07
02
04
uao

-0
01
01
0on
01
0ns
-0
07
-0
16
a2
02
07
-0
91
-0
on
an
02
09
00
-0
02
15
01

-0
gn
on
o0
02
02

a2
no

L -4

02

Al

A4

AD

GAM 1D
BETA
X

ETA
ZETA
LAMBDA
ALPHA
OMEGAE
OMEGAM
KHOF
RHOHM
MU
TIHME
TIME
Rt RAN
LT SLP
L0 SLP
RN IND
R IND
Q IND
QF IMND
A1 IND
A2 IND
PVWIND
T INIT
T INCR
DIMENS
LAMRB2
ALPHA?2
MS IND
FM IND
VISIND
CLK
XYZ
ORRB
TILD
SHIP

~ e =

Clo



A PRIORI 3

AC 1, 1) = 2.50000060E 06
AC 2, 2) = 2.5000000F né
AC 3, 3) = 2.5000000F 06
AC 4, 4) = 1.0000000F n2
AC 5, 5) = 1.0000000E @2
AL 6, 6) = 1.0000000S n2
AC 7, 7) = 2.5000000F 03
AC 8, B) = 2.50000006F 03
AC 9, 9) = 2.5000000E n3

AC10,10) 1.9600000FE 22
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The Bissett-Berman Corporation 2941 Nebraska Avenue, Santa Monica, California EXbrook 4-3270

APOLLO NOTE NO, 478 L. Lustick
(BBC Task 204) March 1967

EFFECT OF RELATIVE STATE ERROR ON RENDEZVOUS MISS

Purpose

The purpose of this note is to indicate the nature of errors in the
position miss at rendezvous time, t;» even though the relative state at

time tO is known without error.

Let,
A r
177
a{\ -y _ the estimate of state of vehicle A with respect
6 6 ] = to reference orbit r for vehicle A at time to
A
K- r# tO
A
by -sp)
A S _ the estimate of state vehicle B with respect to
\bé - s - reference orbit s for vehicle B at time to- '
A /
YT ru to
Then, adding and subtracting the true state ay of vehicle A,
A \
a, — ry a; - at“ atl - Ty
Q -r = Q - a % * ay, - r
6 6 6 te te 6
A R v |
H r“ ty K He /' K rIJ/ 0

and adding and subtracting the true state bt of vehicle B,



o>
1
14)]

] 1 bl-bt1 btl—s1

4 =D ob | .

b6-S6 6 ™ Ptg bté‘ S,

ﬁ-r t ﬁ M, [t [T S &
[TAY t’ 0 t u/0

The boost, Av to be applied to vehicle B to put it at the same place
as vehicle A at rendezvous time t1 can be calculated from the follow~

ing equation

wat - rlﬁ B\l - at‘ rr
1 1 1
( ) ' {
1% 1P T To| F SO B S
p, - T bo- o r
t t
L 1o - 1t 2y
bt1 - 5 é\l - bt1 ' S5
: . A,
(32 5B, 1) bt6 T % + bg - bt6 I )
g, - r oo g
t t 5
i IJ. tO i ] | 3’ t1
= ZBAVP
where (o, B, p)is a portion of the Q matrix,
dx(t,) dx(t,) 3x(t;) |
ax(to) S'Z(to) du
By(tl) ay(tl) By(tl)
(Q's 5, ﬂ) = —_——
3x(t,) d%(t,) 3
Bz(tl) az(tl) Bz(tl)
dz(ty) d&(ty) oK




and subscript 1 preceding the symbol means for vehicle A evaluated
‘ on vehicle A reference trajectory and subscript 2 is for vehicle B

evaluated on vehicle B reference trajectory.

[_ ax(tl) 8X(tl) Bx(tl)—

A(ty) 3ty 22(ty)

5 ay(ty) ay(ty) oy(t;)

3 (t,) Flt))  au(ty)

az(t))  alt)) a2(t))

o | | 3%(tg) a¥(ty) dk(ty) |

Solving for the commanded boost,

A
ag, - T ay - atl r
Av = a1 ) At
' Vp = BZ (la’ lB’ IIJ) at6 - 1'6 + a6 - at6 + r
A
He =Tyl T r
A
° /\ .
= (Za': 2‘3’ 2#) bté - s6 + b6 - bt6 -
A
ut-ruto u-l"’tto
The true positions of vehicles A and B at tl are
atl 1‘1 tl '- r
At1 = at2 = r, + (la, lﬁ,lu) at6 - T
r,o/t - r t
t3 ty 371 ___’J't pd 0

o -
. t1 - \ tz} - \52) t (Za" zﬁ:zu) t, ° S5
Ptg t °37t, L He T Ty

+ 132 Avp



A AR
A A
Be 7w By T el g mag b Ga By i) | by Pt
1 1 \/\ A
T po- o
t to t tO
Since we are assuming no error in relative state at ty, then
A A
ay; - a, b1 - b,
A 1 A 1
a, -a b, -b
6" Tt = 6" Tt
A A
A t() K- K to
then
A
a; - a;
A 1
(Atl § Btl) = [(zo"zﬁ’z“)' (10"15’1“)] %6 " Pt
-
t t0

From this equation we see that if the partials for the different -
reference orbits were the same, perfect knowledge of the relative state
at time ty would result in a rendezvous with no miss in distance, Dif-
ferences in the partials on the two reference orbits will result in miss

errors even though the relative state at ty is known perfectly,

Another way of quickly seeing the meaning of the results is to
recognize that the fact that there is no error in relative state at time
to does not imply that there will be no error in relative state at time
tl, since the orbits are different and the effect of the same error will
be different,



In order to get an idea of how much error may occur in the
relative rendezvous state let us examine the following problem,
Consider two vehicles around the Moon, one in a 10 mile orbit
was placed in a 180° transfer orbit to rendezvous with the second
vehicle in the 100 mile orbit. The portions of the Q matrices giving
the partials of position components for the two vehicles are shown

in the following table,

It is interesting to note that there is a considerable out-of-
plane miss at time t1 due to out-of-plane velécity errors at time

to.
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The Bissett-Berman Corporation 2941 Nebraska Avenue, Santa Monica, Califorpia EXbrook 4-3270

APOLLO NOTE NO. 479 L. Tustick
(BBC Task 203) G. Hempstead

MODIFICA TIONS TO RTODP ERROR ANALYSIS
(DEC 10 PROGRA M)

A number of new capabilities have been added to the December 10
Program. The purpose of this Note is to give a brief description of

these changes and to show how they are implemented on the data sheets,

The analyses associated with the changes are described in Apollo
Note No, 470,

CHANGES

Shift

It is sometimes the case that a vehicle is tracked and subsequently
the vehicle separates into two separate vehicles which are separately
tracked, or two separate vehicles join together and subsequently the
joined vehicle is tracked., The shift operation was added to account for

this situation,

The shift can be done on a batch, epoch change, or first project
in a series. It does not make sense to do the shift operation on other than

the first project in a series of projects.

The indication that a shiftis desired appears on the control card in

columns 17 and 18 as indicated in the figure below,

17 18
|A]Bi implies that the A vehicle results are shifted into the

B vehicle making relative state error zero.

[B[A]  implies that the B vehicle results are shifted into the

A vehicle making the relative state error zero.
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THE SHIFT OPERATION OCCURS FIRST AND THEN THE
CONTROL OPERATION (BATCH, EPOCH, PROJECT) TAKES
PLACE USING THESE NEW RESULTS JUST AS IN THE
DECEMBER 10 PROGRA M,

When doing a shift operation, there is no necessity to reinitialize
the Euler angles that are used for '"condensation" (relative state error) pur-

poses as the shift automatically takes care of this,

Consolidation

In the Dec. 10 Program, all non-estimated parameter groups introduced
had to always be carried along even if the future measurables did not depend
on any of the nuisance parameters in that group., In the new ver sionlof_ the
program if no future or current measurables depend on any parameter of a
particular non-estimated parameter group, this group may be dropped, if

desired, by adding it in the PN group as shown in the following figure,
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The non-estimated parameter groups must be in the order previously
used and may be allocated in any manner that is meaningful, The number
of groups is the nurhbfar remaining., At the present time time I can think
of no case where it would be meaningful to allocate other than the state
vector of the two vehicles (columns 1-6 and 12-17) in the non-estimated

parameter groups,

Summary
The New Version of the December 10 Program has the capability of

of outputting a summary of previous root mean square position and velocity

uncertainty results, This option is obtained by placing a summary card at the

end of a sequence of Part B runs for which a summary table is desired,

Placement of Summary Card

PROGRAM B SEQUENCE
BLANK CARD

1213141516 |7
SIU Summary Card
SHMMARY )

NEXT CONTROL CARD

The output associated with a summary is shown in the next figure,
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QE, QR, OP Results

The DEC 10 Program did not give as output the results consis~
tent with the QE, QR, or QP transformation. This option has been added

to this version of the RTODP error analysis program.

This output is automatic and calculated any time there is a Q
matrix in the run. The uncertainty components for fixed R{QR results) are
only meaningful for Earth orbits. The fixed R results are for the R cor-

responding to the time of the Q matrix,

Part A has been modified so that when one obtains a QR matrix
the time associated with that radius is also printed out, Hence, by running
a Part A to get QR you can find the time corresponding to the fixed R,

The fixed R results are obtained by obtaining results at this time with the
RTODP error analysis,

Starting off New Groups

In the DEC 10 Program it was possible to start off new nuisance
parameter groups whenever desired, but if the other nuisance parameter
groups had a Q matrix in them the new group was required to have a Q matrix
also. Physically, there is usually no need for this Q matrix as all it does is
duplicate the nuisance parameter group. The program, however, required
a Q matrix and if absent it used the preceeding Q matrix, This was all right
as long as the proceeding Q matrix was a 6 x 6 but could lead to erroneous

results if it was not,

The new version has been changed so that when adding nuisance
. parameter groups that have nothing in the state area and do not involve
nuisance parameters such as py or venting, it is not required to have a Q

matrix when starting off this group.

K Factor

The new version allows for arbitrarily downweighting past data
by a scale factor. The old filter errors are projected to a new anchor
point and then the errors in the estimated quantities are multiplied by a
K factor. This modified filter covariance then is assumed to be the apriori

on the estimated quantities,



The K factor is placed on the PF card in the area for sigma,

Nothing in this area implies K equal to one,

Real White Noise

In the DEC 10 Program whatever standard deviations were
assumed for the measurables in the filter were also assumed to be
the real standard deviation in the measurables. The new program
allows for standard deviations in the measurables for the filter dif-
ferent from the real standard deviations. One may use any standard
deviation desired for the measurables in the filter, but when filling out
the PN group all the same information matrices as used in the filter are
included in the PN group and allocated to include all estimated quantities,
The area on the card or data sheet which normally contains the standard
deviation for the measurable now has (U%Filter/ CReal) in it for each
measurable, If no information matrices appear in the PN group it is

assumed that filter noise and real noise are the same.

Clock Partials

The two way range clock partials have been modified from what
they were in the DEC 10 version of Part A, There were terms associated
with time tagging which were not treated properly in previous Part A pro-

grams.



APOLLO NOTE NO, 480 L. Lustick
(BBC Task203) March 1967

MODIFICATIONS TO 'THE PROBLEM OF A SMALL
PERTURBA TION FROM A CIRCULAR
SATELLITE'

Purpose

The purpose of this Note is to present modifications to Apollo
Note No. 7 (The Problem of A Small Perturbation From a Circular
Satellite, by C. H, Dale, dated 7 February 1963) which allow the cal-
culation of state partial derivatives for circular orbits consistent
with the OEAP,

Introduction

Apollo Note No. 7 develops the partials of the state for a cir-
cular. orbit. That note, although very useful, has caused some con-
fusion when comparing its result with the Orbit Error Analysis Program.
This confusion arises since the in-plane partials developed in Apollo
Note No. 7 do not hold the same thing constant when perturbing a para-
meter as does the OEAP, For example, in Note No. 7 a change in the
radial position also implies a change in tangential velocity. The correc-
tion to Note No. 7 to make the partials consistent with the OEAP are shown
in this note. It should also be mentioned that x and y are interchanged

in Note No. 7 from their meaning in the OEAP,

Partials Consistent with OEAP (except for x and y interchange)

XI = Perturbation at time (t) in the tangential direction at
time zero,
Y, = Perturbation at time (t) in the radial direction at time
- Zero.
X = Perturbation at time (t) in the reference tangential

direction at time (t),

y = Perturbation at time (t) in the reference radial
direction at time (t).
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APOLLO NOTE NO, 481 H, Engel
(BBC Task 203) March 1967

REVISION FOR CLOCK PARAMETERS

It has been discovered that the clock partials in the OEAP do
not properly include the time tagging error, This note indicates the

required corrections,

Indicated clock time is denoted as t, The corresponding real

time is t, and the estimate of this real time is t.

We start by considering a fictitious measurable, the 3-way
range. For this measurable, the master station impresses its indicated

clock time fm on the signal it transmits, and the measured range is Sm

S, = c(Tt‘S —Fm) + n(tS)

in which ?s is the time indicated on the slave station clock when this

signal is received, having been relayed by the spacecraft.

The corresponding computed range can be expressed as Sc’

s A A
c c:(ts_tm)
— A
in which ty, tg and t, are related by
t. =t +D_+p.t +at /2
s s s s's $'s
A A A A2
tg = tgT b o+ Bt + a ts /2 .




The indicated and estimated times at the master station are

related by
- - - 2
t =t +b_+B t +a t /2
m m m m
and
A A A 2
t =t +b_+p t +a t7/2
m m m m m

By substitution, the expression for Sc can be written as

0n
n

L= [(ts -t )+ (%s - 'ﬁm) + (Es\sts - ﬁmtm) + (&‘sti - é‘mtfn)/z]

o>

et -t )+ [(ﬁs B0+ (Bt - Bt )t (A - &‘mtfn)/z]

S

The actual equivalent free space distance traveled by the signal
received at the indicated time ?s’ however, is c:(ts - tm), which we shall

denote by S, Thus,

S+c [(ﬁs - gm) + (é\sts - é\mtm) + (Qst:- th;rzn)/z]1 o

197]
"

It should be noted that S is a function only of ts the orbit para-
meters, pu, the station locations and the troposphere parameters; i.e,,

tm is not independent of ts. Then, for any parameter ¢,

=2 2. 24 ¢

ts Y% o ¢

3S ats al_-]1
0
o9

Now S/ Bts is é, and 3S/d ¢ = 0 for any clock parameter, so




A
The expression relating ts and t, may be rewritten as

A N 72N 2
t =t -b_-B_ t -a t°/2
S S S S 5 S S
t +t
A A A A A A
=t -b -f.t ~a t/2+8 G -t)+& ¢ -t) =
S S S S S S S S s S S 2

. A A A .
Now ts is of zero order, ts -t, @ and BS are of first order,

s
so the last two terms above are of second order. Hence we may write

° A N A A A2
by 2t -b =Bt ~a t /2 .
It follows that, for 3-way range,

35 _ 35
—< = - S+ ¢ —< = - ¢
ob 3b_
3S oS
—< = (-S$+ o)t —< = _ct
3B Pm
35 , 3s
—< = (- S+ C)tZ/Z —< = -Ctz/z
oa oa

in which tS has been replaced by t, no distinction being made between

t and tn in the OEAP, and no such distinction being required.




A real measurable is ordinary range, in which the master
and slave station are one and the same, In this case, the expression

for Sc reduces to

' A A ts_{ktm
S = S+ c|B (t -t )+ & (t -t ) S m
c m''s m m''s m

{lo
0
[
+

>
3
+
Q>
5
o+
| —

Now, in ordinary range the measurable is usually considered
to be the one-way distance S/2, so we shall consider SC/Z. The clock

partials are

d(s._/2)
- §/2

ob

a(sc/z

)
op

(- St + 8)/2

m

3(S _/2)
— = (- StZ/Z + St)/2
oo,

m

The next real measurable to be considered is the 3-way range

rate, S. We have

A
o4

S S+ (8 B 2t
e T b By - By) (oGt -



with the partials

85, S
—£ = _5 -2
ob ob
38 . dS
—C - _"Et+ ¢ —<
OB, 3By,
38 . 28
—C - _5¢/2 + ct -
aozs aam

Finally, for 2-way range rate, we have

S = S + CQ (t -t )
c m' s
= 5+ 52

m

with the partials

38 .

—< = .8

ob

3S .

—< = - St

B(3m

as .

—C - _5t®+ s,

PaYe



More properly we should have written

N\ A A
t. o= t +b +B (t -t )+ 4o (t -t )°/2
S S S S S S S S
0 0
t = t +b_ 4B (t -t )ia (t -t )/2
S S S S S S S S
0 0
N~ N
t = t +b +§ (t -t )+a (t_ -t )2/2
t o= t +b_+B_(t -t )+a (t -t )2

in which tSO and tmo are the times at which the clocks are set. The
only result of this change is to replace t by t - tSO in the slave clock
parameter partials, and t by t - tmo in the master clock parameter

partials,

The first term in each expression for slave clock partials for
3-way measurements, and the first term in each expression for master
clock partials in 2-way measurerﬁents or ordinary range are those corres-
ponding to the time tag errors, Itis implicitly assumed that the time tags
are derived from the same clock as the radar signals, If this is not so,
then the above analysis can be repeated, separating these two sources of

€rrors,
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APOLLO NOTE NO, 482 L, Lustick
(BBC Task 203) H. Dale

20 March 1967

ILLUSTRATIVE EXAMPLE INPUTS FOR THE RTODP
ORBIT ERROR ANALYSIS PROGRAM

This note shows, by example, how data input cards are written
for the Real Time Orbit Determination Program OEAP. A preliminary
description of the program and how to use it is given in Apollo Note No,
464. It is intended that this note will answer detailed questions after

the analyst has familiarized himself with Apollo Note No. 464,

The examples shown in this note are as follows:

1.  One Batch with a Projected Covariance Page 2

This is essentially what is done with the old OEAP
. with the exception that the filter may have parameters

which are estimated that do not exist in the real world.

2. Multiple Batches with Re-Initialized Biases Page 12

Here data over a tracking interval (batch) is used to
estimate the state vector and pseudo-biases. Tracking
over the following interval utilizes the previously obtained
state covariance but re-estimates the biases using zero as
apriori estimates and some set value for the variances in
these bias estimates. The effect of using this type of filter,
in the presence of real nuisance parameter noise, on the

true state uncertainty is shown.

3. Multiple Batches with Pseudo-Biases Carried
Across but with an Uncertainty in ; Assumed Page 24
By the Filter

The purpose of this runis to see what happens when the
RTODP filter assumes that some nuisance parameter is
imperfectly known. Here both the state vector and bias
estimates from one batch are used as apriori data for the

next batch.



4, Multiple Batches with an Uncertain Boost

Occuring Between Batches Page 32

This shows how boost uncertainties may be included

in the batching program.

5. Multiple Batches with a Change of Tracking Page 39
Stations

This typifies the Earth orbital tracking situation where

many stations and thus many nuisance parameter groups

may exist,

6. Tracking Two Vehicles and Estimating the Page 46

Relative State Vector Using Multiple Batches

This is highly useful when intervehicle tracking exists,
and this example shows how each vehicle is separately
handled.

1. One Batch With a Projected Covariance

This example is the simplest and thus a good first example,
What is desired here is to study a continuous tracking interval (one
batch) and to find the actual state covariance at a time later than
epoch, the time at which the orbit is defined. The only Way in which
this differs from the old OEAP is that parameters can exist in the
RTODP filter which do not exist in the real world., Thus, the filter may
assume a measurement bias exists, and optimally estimate this para~
meter along with state parameters, while in the real world no bias

exists, For this example assume the following:

a)  Data Set 001 is a Program A set which builds an R
information matrix and Q matrix for a single station
tracking an Earthorhit, All times, entries 35 through

39, are zero. The end of tracking, TJ, occurs at 20




1

r 3

b) The RTODP filter is to assume a bias in the R measurable

whose uncertainty is 1.0 ft/sec. No R bias truly exists,

c) The actual nuisance parameters are station location,

HEarih’ and the station clock,

Now Data Set 001 already is assumed to exist. Itis to be followed
by the necessary apriori matrices, which are in turn followed by the
Program B batching control cards and allocation instructions. The three
apriori matrices needed for this example describe: 1) the filters apriori
covariance; 2) the actual state vector apriori covariance, and finally,
3) the apriori covariance of the non-estimated parameters. These non-
estimated parameters are grouped into '""Non-estimated Parameter Groups"
of no greater than 18 parameters per group. This is because they must

be allocated into columns 23 through no greater than 40,

Let Data Set 002 be the apriori the RTODP filter assumes. It will
look like:

PROGRAM A
DATA INPUT SHEET
xx: if 1st set on new
tape; blank otherwise,

Meas, - Data Set
11 12
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First note that since this is the first apriori matrix to be used in

the RTODP-OEAP the two "X''s appear on the first card, Now this
APF apriori matrix will be used to tell the RTODP filter how well it
knows each parameter itis going to estimate, and although it is not
necessary, the state components are generally entered with variances
equal to their uncertainty in the real world. The last card of APF has
been used to enter the filter apriori uncertainty in a pseudo-bias in the
R measurable. For this example it will be assumed that no true un-

certainty exists in this parameter.

The next apriori matrix needed is APN, which gives the true un-
certainty in the real estimated parameters. For our example APN
would not have the double X, would be numbered 003, and would have
identical diagonal elements 01, 01 through 06, 06. Since the measurable
R bias in actuality does not exist, it is not included in APN. It is not a
real parar\neter even though itis estimated in the filter. Thus for our
example, APN contains only the six orbit parameter apriori variances,
Two aspects of the real estimated parameter set should be noted here,
The RTODP-OEAP has room for 22 estimated parameters. - The six
orbit parameters of the first vehicle must be placed in columns 1 - 6,
the second vehicle's orbit parameters must, if they exist, be placed
in columns 12 - 17, This leaves columns 7 - 11 for estimated para-
meters which involve only the first vehicle,and columns 18 - 22 for
estimated parameters which involve only the second vehicle., When
a parameter such as vehicle-one pseudo R measurable bias is to be in
columns 7 - 11, itis only allocated in the APF input; the lack of a corres-
ponding APN entry places zero-variance in the appropriate column, If
some parameter such as p is to be estimated, only one vehicle may be
included since p would affect both vehicles if they existed, A second
point is that this program allows estimating only eleven parameters at
a time, Thus, if only one vehicle is estimated, still no more than eleven
columns (or 11 - 6 = 5 non-orbit parameters) may be used; one cannot

utilize the unused 12 - 22 columns. Now back to the description of this

example.




The final apriori inputs give the real apriori covariance of the non-
estimated nuisance parameters, Since 40 - 22 = 18 parameters remain
free for allocation in Part B of the program, the non-éstimated parameters
are broken up into groups of no greater than 18 each, The apriori co-
variance of each of these groups are referred to as AP01, AP02, etc.
There can be no correlation between parameters in differing groups. The
smallest numbered diagonal element (or row or column) that may be used
for any nuisance parameter group is 07, since in later allocation instruc-
tions nothing in the first 6 x 6 may be re-allocated (this will be seen in
the Allocation Instruction Sheet when we come to it). For the case at hand

one Non-estimated Parameter Group is sufficient and is shown below:

PROGRAM A
DATA INPUT SHEET
xx: if 1st set on new '
tape; blank otherwise,

Meas. Data Set
11 12
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The next inputs involve Program B of the RTODP-OEAP, The
object of this example is to take one batch of data, calculate the co-
variance of one vehicle's state vector at epoch, and to project that
covariance to a future time. Th

tell the OEAP that a "batch' is to be computed. Since this is the first

irst sheet (see Figure 1) is used to

a
R
o
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of a series of Program B runs, the first card states "PROGRAM B"

in columns 1 through 9. The second, third and fourth cards shown in
Figure 1 are not punched because only one vehicle is being considered,
and no condensation is desired, The fourth card is punched indicating
that a batch of data is being processed. On this card an "A'" is punched
in column 15 indicating that vehicle A is being batched. A zero or blank in
column 21 states that no rotation (see card 8 of Figure 1) of the results
is to be made and the results will be in locally defined coordinates, Col-
umns 25 and 26 contain 07 which states that there are seven estimated
parameters involving vehicle A, 01 in columns 31 through 32 states that
one nuisance parameter groupis being considered., The output and label-
ing columns (34 through 69) are best explained on pages six and seven

of Apollo Note No, 464,

Figure 2 shows the next sheet of input cards which control the
allocation for the single batch of data for this first example. The first
card brings in the apriori data on the RTODP filter as is: no allocation
is necessary. The second card brings in the measurement data used
in generating the filter. Here the measurement bias is allocated. This

ends the allocation of the filter and thus the third card is a blank.

The next card introduces APN, the true apriori uncertainties to the
estimated parameters. This is a six by six and no further allocation is
necessary. No measurement data need be allocated here since the machine
knows to use the same data as in the filter group. This ends the noise

group and the following card is blank,

The next card introduces the first (and in this example only) non-
estimated nuisance parameter group. Here each non-estimated parameter
within the group must be allocated from the measurement data. Note
also that the measurement data regarding the estimated parameters must
be allocated if those estimated paraméters are past the first six. Thus
the estimated bias (07) must be properly allocated. Again the group is

terminated with a blank card.

The results of the above batch will produce, on tape, covariance
matrices at epoch. Since the desired outputs of this example are at a

later time a "Project Covariance' routine is required

Program B Control Sheet for projecting the results of a batch., In this
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case only one card is necessary since we are not starting a new run
of "Program B''s. Figure 4 shows the necessary allocation for this
projection. Note that P01 is allocated term by term; it could have
been brought in as is, POl could contain up to 40 terms and alloca~-
tion space for only 7 through 30 is shown., If no entry is made in
column 32 (truncating to a 6 x 6) the computer will automatically

allocate any existing parameters past 30,

A problem which exists in the December 10 version of the program

and has since been corrected involves the size of the noise group.

If the situation arises, in the older version, in which only six para-

meters are entered into the noise group through APN, and further

parameters are estimated past the first. 6 x 6, then the computer will
only store the first 6 x 6. Terms past the first 6 x 6 will be lost and

unable to be recalled for future use, This problem may be reme.died,

in the older version of the program, by placing a dummy number in any

diagonal term of APN past term eleven,

This concludes the first example,
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2. Multiple Batches with Re-Initialized Biases

This example typifies the RTODP when tracking exists over
an extended period. The data is broken up in time into batches, A
bias in the measurable is assumed to exist. This bias is assumed
to be zero with an assumed apriori variance. The data taken during
each batch, in conjunction with an apriori state vector estimate, is
used to estimate the state of the vehicle at the time corresponding to
the beginning of the batch. The pseudo-biases in the measurables
are also estimated. The state estimates are projected to the be-
ginning of the following batch of data and used as apriori, The biases
are again assumed to be zero with the old assumed apriori variance,

and the estimating process repeated.

The example used for illustrating the inputs is that of Apollo
Note No. 471, "The Effects of Batching During Terminal Lunar Ren-
dezvous Using Near Optimum Pseudo-Bias Uncertainties, " This exam-
ple considers three consecutive fifteen minute batches of LEM tracking
prior to LEM/CSM rendezvous. Two stations, Madrid and Ascension,
are used, and for this example a pseudo-bias apriori variance of
(1 ft/sec)? is used in the RTODP filter,  Many of the required data in-
puts are shown in Note 471 in the form of computer output., The required
inputs, however, are often simpler than -the computer printed inputs,
First consider the Program A inputs as shown in Figures 1, 2, and 3
of Note 471. As printed by the computer output, all input parameters,
1 through 39, are shown., Consider now how the input cards might be
written. Basically only the changes need be entered. Figure 5 shows

the Program A input cards.

Figure 6 shows the apriori inputs as printed in the computer out-
put. Here again the first apriori input card should contain the XX indica-
ting it is the first apriori on tape. For this case two nuisance parameter
groups were required, thus AP0l and APO2 are shown. Data Set 008 is
entered as a simple PROGRAM A A, with no designation past the second
A. This is used for the apriori pscudo-bias variances at the beginning
of each batch after the first batch {APF-007 has these iwo apriori variances

built in it for the first batch).
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Program A inputs for the

Master Station for the

First Batch of Tracking
Data.

40 Cards

} Blank Card

Slave Station Batch 1

must change station

Location, Master~Slave

Ind. and give Master
Station Location

} Blank Card

Master Station Batch 2
Includes new aj, ay, ag,

new zeta, new station
locations, TJ and QF

times, new TI (init. ),

Master Station Indicator,
and T ORBIT.

“4— This Q is not used in this

example,

f Blank Card

Slave Station Batch 2

} Blank Card

1 6 11 16 21 3] %
PRIl Il [al x| T llalo! Jefs]] [alelwls olcia
o | ||| 14-13Is10/4l0l7 klel+Hol4 '
CARDS 02 THROUGH 38 NOT SHOWN

55 . 11 i{oid

PRIOGIRIAM A Alst e B[Tlel 1 0012
0A| . " BHOo

110 1. 4 E0]] EERENE

310 41. 10 ElHoi) B

3|1 ___jﬂ' L E+H00 L

32 0 LIEHole

Plrlolelglalial 1] || 1 Inlalol sl 18kelulz 0lo3
ol 6+ 13141712 8]2|7\El+ o6

021 | | || 1813361513191 10lo )

0|3 sl . 12BN TILIEIHOB 3

g -1l .| 7ap71213B131EIHOL | | |

O 11 1| #l-lo El+o|)

1|0 114l El+lolo

116 3l Ei+ 0|1

213 41.191914]7 El+lo|!

211 .16 ElHo|!

Bl al- £l+lolo

37 11 -15] ELHO!]

PRoGIRIAM 1A AlSICIEIN] IBITICH| 12 olok
09

710

3o

311

32 1l

Conrinue on Wirn MAsT. € SLAVE BATCH 3 NOT SHOWN

Figure 5 - Program A Input Cards for the Second Example
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Figures 7 through 14 show the control and allocation cards for this
second example. Note how, on the second batch, the pseudo-biases are
"re-initialized'". For the RTODP filter (see Figure 10) PF is called in,
but truncated to a six-by-six, Data Set 008 is used to give the filter the
re-initialized bias variances of (1 ft/sec)z. Since the filter assumes no
p error, the Q matrix from Data Set 001, which is used to project the
previous batches results to the new epoch, is also truncated to a six-by-
six. The previous batch's estimated-parameter noise, PN, is also trun-
cated to a six-by~-six to remove the previous batch's rows and columns
regarding the R pseudo-biases. The third batch's control cards (Figure
11) and allocation cards (Figure 12) are essentially similar. Note that,while
in one batch allocation the RD data sets come from within the batch, the
Q matrices come from Program A's developed for the previoﬁs batch. The
last two sets of cards (Figures 13 and 14) are used to prOJect the result

of the last batch to the end of the last batch.

This concludes the second example,
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3. Multiple Batches with Pseudo-Biases Carried Across but
with an Uncertainty in y Assumed by the Filter

This example, if no p uncertainty were assumed by the filter,
would produce results as though no batching were done, i.e., since
both the state estimates and pseudo-bias estimates from the first
batch are maintained as apriori data for the second batch, it is as
though no batching were done. When all three batches have been
processed the results will be the same as though one long batch were
processed. This is proved by the results reported in Apollo Note
No. 474. Now when the RTODP filter is allowed to assume that the
gravitational constant is not known perfectly, but rather has some
uncertainty, op filter, not necessarily equal to the true uncertainty,
the state estimates from an early batch may be downweighted when
used as apriori data for a later batch. This example can be studied,
from the standpoint of required inputs, using most of inputs of the last

example,

Thus, assume that Data Sets 001 through 006 exist and are given
by Figure 5 (or Figures 1, 2, and 3 in Note 471). The apriori inputs
look essentially the same as Figure 4 with one exception, Data Set 008,
which in Figufe 4 is used to re-initialize the pseudo-biases is used to
parametrically supply the RTODP filter's assumed variance in p. This
is all explained further on page 2 of Note 474, The object is to run three
batches first with an insignificant filter p uncertainty (this will duplicate
and check the single-batch-no-p-error result), and then to repeat the three
batches with three successively larger p uncertainties until the filter T

uncertainty equals the actual py uncertainty, Data Set 008 looks like

PROGRAM A A 008
07 07 1.0 E-10
08 08 2.5 E+17
09 09 2.5 E+18
10 10 2.5 E+19

24



The first filter ¢ y isinsignificant, the second, third and
fourth are 1/10, 1/3, and equal to the actual p uncertainty in the
real world. The analysis of Apollo Note No. 474 uses these figures,
one at a time, to parametrically study the effect of downweighting

Past data through a filter which treats 1 as imperfectly known,

Figures 15 and 16 show the control and allocation for the first
batch, Figures 17 and 18 show the same for the second batch. The
third batch is not shown since it is quite similar to the second batch.
The third batch is followed by a ""Project Covariance routine which is

shown in Figures 19 and 20.

Notice in Figure 16 how the fact that i is imperfectly known in
the RTODP filter is considered by placing ozu from the apriori data
set (008) into the first non-estimated diagonal element (23) of the filter
covariance. Note that for the case shown, the second parametric
value of (;2 K, has been used. Now the covariance matrices produced

by the first batching run will be:

PF, an 8 x 8 with ¢y in 23, 23
PN, an8x 8

P01, a 35 x 35

P02, a 30 x 30

These are recalled as shown in the allocation of the second
batch (Figure 18), PF is allocated as is, and is projected to the end
of the first batch, which is the beginning and epoch of the second batch,
with a Q matrix generated along with the information matrices of the
first batch. py terms of this Q are allocated to project the gravitational
uncertainty of the filter, The estimated parameter noise, PN, is also
brought in as is and the Q'ing and adding of new data is automatic. PO1
and P02 are both brought in as is. (In PO1 this is done automatically with no
allocation shown; in P02 every term is allocated. Both examples do the same
thing)., Note that the biases (07, and 08) are brought in as apriori for the
new batch, where they would be deleted were these pseudo-biases to be re-
initialized and totally re-estimated. Figure 20, which shows the allocation
for projecting the results of the third and last batch (remember that batch 3
is not shown) is simple and féirly self-explanatory, Were the effects of
p uncertainty in the filter not to be considered, PF could have been pro-

jected with a 6 x 6 Q matrix,

This concludes the third example, 25
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4, Multiple Batches with an Uncertain Boost Occuring Between
Batches

When a boost occurs the technique used to compute state
covariance is as follows. First the covariance using all of track-
ing preceeding the boost is computed with respect to the state
vector immediately prior to the boost. The covariance uncertainty
of the boost is then added. The summed covariance is then rotated
(if a rotation is required) to correspond to the boosted state vector.
And, finally, new data is treated as in other batching cases (see
Examples 2 and 3), There are two ways of handling the batches,
one of which involves an additional epoch change operation. If the
batch prior to the boost has as its epoch, the time of the boost, then
no epoch change is required. If, however, the batch prior to the
boost has the beginning of the batch as its epoch, then an epoch change
is required to bring the covariance matrices forward and to rotate
them into local pre-boost coordinates before the boost uncertainties
may be added. The example shown below uses the more complicated
situation in which information matrices are generated with the begin-

ning of the batch as epoch (to ). The following sketch shows the

RB
sequence of events,

Non-nominal boost occurs
at 30 minutes. Expected

boost = 0 with some real

and filter variance

0 15 30 35 45 Minutes
L | : ! l ]
torp = O tors = 15 torp=3°
First Batch Second Batch Third D:;:fi;igutléis
Tracking Tracking Batch po’ Jt +s
Tracking poin

Note that in the RTODP, the orbit parameters must be defined at tORB'
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Now the above situation is interesting in that the nominal

value of the boost is zero, i.e., the trajectory afterwards is

identical, nominally, to the trajectory before the boost. Assume

the following to exist:

BATCH 1
/\_‘

BATCH 2

—

BATCH 3
7\

Now

[ 6 PROGRAM A XX STA,1 FST BTCH DATA SET 001

TCLK =0 {master station}
T XYZ =0
TORB =0 (time at which orbit for Batch 1 is defined)
T TILD=0
TIME = 15 min, (time of end of first Batch tracking)
o PROGRAM A STA.2 FST BTCH DATA SET 002
(Same times as above) {slave station}
® PROGRAM A STA,1 SECND BTCH DATA SET 003
T ORB = 15 {master station}

TIME = 30 min,
New orbit parameters for 15 min. point

¢ PROGRAM A STA,2 SECND BTCH DATA SET 004
(Same times as above) {slave stati.on}

o PROGRAM A STA,1 THRD BTCH DATA SET 005
T ORB = 30 master station}
TIME = 35, 45 (need Inf, at 35 and Q at 45)

¢ PROGRAM A . STA, 2 THRD BTCH DATA SET 006
(Same times as above) {slave station}

the apriori matrices required are:

APF 7 ' APN 8
AL, D) A(T, 1)
A(2,2) | apriori A2, 2)
A(3,3) [ orbital element A(3, 3)
A(4,4) ( variances on A4, 4)
A(5,5) | first {and only) A(S5, 5)

A(6, 6) vehicle A(6, 6)
A(7,7) apriori variances
A(S8, 8) of measurable biases

A(7,7)
A(8, 8)

aprlorl variances of measurable biases
to be used when re-initializing a new batch

|
?
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APO1 10

A(7,7)
A(8, 8)
e

[ ]

[
A(19, 19)
APO2 11 > Two nuisance parameter groups
A(7,7)
A(8, 8)

]

A(12,12)

ABR 12

A(4, 4)

A(s,5)  real
A(6, 6) variances

> Boost Variances*
ABF 13

A(4, 4) filter
A(5,5) assumed
A(6, 6) variances

*Note that only velocity terms are shown; position terms are permissible
if desired,

Figures 21 through 23 show the required Program B cards for the
RTODP-OEAP for this example of two batches, followed by a boost, fol-
lowed by a short batch, and finally, followed by a projection of the results
to a particular point of interest, Each batch is processed with re-
initialized pseudo range-rate biases and no p uncertainty is assumed
in the filter. Note how the epoch change and boost covariance addition
is performed in a single separate epoch change run, The order of the

.runs is:
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° Batch (Epoch at zero, tracking from 0 to 15)
e Batch (Epoch at 15, tracking from 15 to 30)

* Epoch Change and Boost (move epoch to 30 and then
add boost covariance)

® Batch (Epoch at 3( tracking from 30 to 35)

* Project Covariance (Project results from 30 to 45)

Now this series of runs were chosen because the epoch of all
Program A's happened to be at the beginning of the batch-tracking
interval, Notice the way in which the Program B runs might be
arranged if the epoch of each Program A were at the end of each
batch of data:

L]

Batch (Epoch at 15, tracking from zero to 15)

* Batch and Boost (Epoch at 30, tracking from 15 to 30,
covariance computed at 30 using this batch
of data, and previous batch truncated and
projected, boost covariance then added at 30)

Batch (Epoch at 35, tracking from 30 to 35)

Project Covariance (Project results from 35 to 45)

With this second approach one would need a Q matrix from a Program
A with 35 minutes as epoch (or T ORB) which is what we have in the
third batch,

This concludes the fourth example,
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5, Multiple Batches with a Change of Tracking Stations

This typifies the near-Earth orbital situation in which short
tracking intervals and many stations require many nuisance para-
meters, These nuisance parameters are of two types: those which
are common to all stations ( and venting acceleration) and those
which pertain to only one station (measurable biases, station loca-
tion, station clock, atmospheric refraction parameter). With many
stations the total number of nuisance parameters can be quite large
and thus the RTODP-OEAP puts these nuisance parameters into
groups, Generally there is enough room in one group to handle para-
meters regarding two stations, The parameters common to all stations
can generally go in the first group (AP01). A group need not be called
in until a batch is reached wherein the parameters of this group affect
the measurable, Thus one might start out in the first batch with two
groups and increase to three groups on some succeeding batch, Alter-
natively, one might put in all the groups at the beginning and ""Q" them
ahead each batch. However, once a group is brought in, it may not
ever be deleted., (This will be changed in a later version of the program
to permit deletion of groups whose parameters will never again affect

the measurable, )

The example chosen is extremely simple, for purpose of illus-
tration, and consists of hut three stations tracking a vehicle for a bit .
over an orbit such that the first station gets a second look at the vehicle,
The stations track in two-way Doppler and Az -EXL angle with a real un-
certainty in the angle biases but no true uncertainty in R DOTbias. The
filter assumes an R DOT bias exists and estimates it. No R DOT pseudo-
bias is carried across a batch in the estimate (see Example 2, starting
on page 12, for a full explanation of this situation), The following

Figure 24 shows the tracking situation:
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)

-
-~
-~

-

E\aoc.k
BatchY

PROGRAM A XX STA 1 PASS 1 DATA SET 001-
T ORB= 0, T(init)=5,0, Time=10,0, QF=20.0
PROGRAM A STA 2 DATA SET 002 —
T ORB=20, T(init)=21,0, Time=26, QF=50.0 :
PROGRAM A STA 3 DATA SET 003
T ORB=50, T(init)=51.0, Time=56, QF=96. 0,
PROGRAM A STA 1 PASS 2 DATA SET 004

T ORB=96, 0, T(ini=97.0, Time=101,0, QF=108,0

r-APF DATA SET 005 APN DATA SET 006

A1, 1) Assumed and A(l, 1)
A(2, 2) real ———I{>» A(2, 2)
A(3, 3) state vector A(3, 3)
A(4, 4) covariance A(4, 4)
A(5, 5) apriori before A(5, 5)
A(6, 6) first batch A(6,6)

.

Figure 24 - Multiple Batches with a Change of Stations
Showing Coverage
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Now the required additional apriori matrices are shown below

in Figure 25,

PROGRAM A A DATA SET 007
A(7,7) = Pseudo - R DOT BIAS
PROGRAM A APO1 DATA SET 008
A(7,7) = K These two parameters affect
A(8, 8) = venting } all station measurables
A(9,9) =  Sta. 1 Az, Angle Bias~
A(10,10) =  Sta. 1 Ef Angle Bias
A(11,11) = Sta. 1 Up
A(12,12) = Sta. 1 East b Station 1
A(13, 13) = Sta. 1 North
A(l4, 14) = Sta. 1 Clock Bias
A(15,15) =  Sta. 1 Clock Rate J
A(l6, 16) = Sta. 2 Az. Bias N
A(17,17) =  Sta. 2 Ef Bias
A(18,18) = Sta, 2 Up
A(19,19) = Sta, 2 East » Station 2
A(20, 20) = Sta, 2 North
A(21,21) = Sta, 2 Clock Bias
A(22,22) = Sta. 2 Clock Rate ~
PROGRAM A APO2 DATA SET 009
A(7,7) =  Sta. 3 Az Bias
A(8, 8) =  Sta. 3 Ef Angle Bias
A(9, 9) =  Sta, 3 Up
A(10, 10) = Sta, 3 East Station 3
A(l1,11) = Sta, 3 North
A(12,12) = Sta., 3 Clock Bias
A(13,13) = Sta, 3 Clock Rate

Figure 25 - Nuisance Parameter Apriori Data for Multiple
Stations




One can see that the number of APXX matrices may get quite large
when multiple orbits require many stations. However, three stations
are sufficient for our illustrative example, The Program B Control and

Allocation are shown for this example in Figures 26 through 28,

The first batch (Figure 26) shows how the Rbias is allocated for
estimation (term 07) while Al and A2 biases (placed in columns 23
and 24) are not estimated., The second batch, like the first batch, has
only one nuisance parameter group since the common systematic errors
(p and venting) and the station parameters for the first and second station
can all fit within one nuisance parameter group. The third batch (Figure
27) uses nothing out of the first nuisance parameter group except p (23)
and venting (24); note that the estimated Rbias is allocated. The second
nuisance parameter group is brought in to allocate the third station's

parameters,

Finally, the fourth batch (Figures 27 and 28) shows how P01 handles
the first station's parameters for the second time around, Here P02 con-
tains no parameters affecting the measurable and is brought in, dropping

out the R bias estimate in 07, and carried along with a Q matrix,

This procedure can, of course, be expanded to include many orbits
utilizing many stations, and this example, concluded at this point, was

simplified for illustration,
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‘ 6. Tracking Two Vehicles and Estimating the Relative State Vector
Using Multiple Batches,

The RTODP-OEAP has the ability of keeping track of two vehicles
at the same time, Thus, one can first process one batch of tracking data
for one vehicle; follow this by processing a batch of data in which a second
vehicle is tracked; and then, if desired, compute the relative-state co-
variance, Program C information matrices, which involve intervehicle
tracking, may also be used (along with Program A's) to estimate either, but

not both vehicles and to estimate the relative state uncertainty

The example chosen for illustration considers a LEM and CSM in
near-proximity orbits about the Moon, We will assume the existance of
two tracking stations, and will assume that these stations track the LEM
(Vehicle A) while only apriori estimates are used for the CSM (Vehicle B),
During the time that the LEM is being tracked we will assume that rela-
tive measurements (azimuth and elevation angles) are taken between the
LEM and CSM. This relative data will be used to further estimate the

‘ LEM's state vector., Itis important to note that Program C relative data
may be used to update vehicle A or vehicle B but not both, in accordance
with the planned RTODP procedure.

The two Program A's (for the master station at Madrid and the slave
station at Ascension) and the Program C (for intervehicle angle measure-
ments taken from vehicle A, the LEM, each 5 minutes) are shown in Figure
29. Figures 31, 32, and 33 show the control and allocation for the batching

of the radar and intervehicle data,

The control inputs (Figure 31) show. the three cards describing the
initial Euler angles between the ¥, ¥, % system and each of the two vehicles
at their T ORB, These correspond to XI, ETA, and ZETA Ifrom the Program
A data input sheets, These angles must be entered each time a new Program
B card is used, which for our example is only once. The batch shown estimates
the six orbit parameters of vehicle A plus two R pseudo biases, Vehicle B
is carried along to supply a base from which intervehicle measurements are

used to estimate Vehicle A, Note in the allocation (Figure 32) that the second
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vehicle's parameters are allocated for the intervehicle measurement
part of the filter group only. The program would have performed.this
allocation even had these inputs been truncated to a 6 x 6. This alloca~
tion is necessary since, when estimating the parameters of vehicle A,
the vehicle B parameters are treated as nuisance parameters and the

appropriate weighting functions must be generated,

In order to project the results of the first batch to a later time, both
vehicle A and vehicle B covariances must be projected if relative results
are requested. In order to project the second vehicle, a Program A must
exist for the second vehicle which, at least, generates an appropriate Q
matrix, This is shown as Figure 34 and is assumed to exist on tape prior

to starting the Program B. Note that the ags XI, ETA, and ZETA

a4 2
inputs are for the CSM or vehicle B,

The next series of cards are used for projecting the results from
epoch (which occurred at t = 0) to t= 49,917 minutes., These are shown
in Figures 35 through 38, Notice that in Figure 35, the condensation
output (column 38) is not asked for since the vehicles are at different

times,

This concluded the sixth and last example,

52



JHPUTS = DATA SE 4

1 6.3626209E 06 Al

i F.RA00000E-01 a4

3 5,20847508 04 AS

4 1.0000000E Q0 GAM ID
5 0 BETA

6 1.5000000E ue X1

] 1,500000012 U2 ETA

& “H,B590750E U1 ZETA

9 4. 000006008 U1 LAMBDA
10 ~4,00000U08F 0O ALPHA -
1.1 7.292000Uk-05 UMEGAE
1 2.66000008-06 OMEGAM
13 2.09006u0eE 07 RHUE
14 1.24000060E 09 RHOM
15 T 1,.7290000F 14 MU

16 4,50000008 01 TIME
16 4,99170G0 Ul TiME
17. 0 RE RAD
18 0 LT SLP
19 0 LO SLP
20 . 0 RD IND
21 0 R IwNup
22 1,00900UNE U0 Q IND
23 4,69170008 01 QF InD
24 ' 0 Al IND
2% 0 A IND
26 - 0 PVAIND
27 1,00000U0FE UD T INIT
28  1,0000000F UG T [NCR
29 3,0000600E U1 DIMENS
K1) 0 LAMB?
31 a ALPHA?
32 1.,0000000e uoO MS IND
33 1.0000000K 6o Fr o IND
34 1.00000U1E U0 VISIND
35 -0 T CLK
36 I ~u T XYZ
37 -0 T ORB
38 S -0 T TILD
39 N -0 T SHIP

Figures 34 - Program A Required to Develop a Q Matrix

to Enable Projection of Vehicle B
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The Bissett-Berman Corporation 2941 Nebraska Avenue, Santa Monica, California EXbrook 4-3270

APOLLO NOTE NO. 487
(BBC Task 105)

LANGLEY LUNAR ORBITER 2 - DOPPLER

INTRODUCTION

DATA RESIDUALS

S. Schloss
28 March 1967

Tracking data from Langley Lunar Orbiter (LLO) Missions are
being analyzed in support of the Apollo GOSS Navigation Qualification

Program.

()

(b)

(c)

The following is an outline of the data analysis procedure:

Raw

The objectives of the analysis are to

Check the USBS stations for proper equipment

functioning and operational procedures while

tracking at lunar distances;

Improve the knowledge of USBS characteristics

to aid in the establishment of data weights and

selection criteria for the RTCC; and,

Improve the USBS error model used in MSFN

error analysis, dispersion studies, and RTCC

simulations.

Data

Part Al Part A2
Pre-Edit Edit
Blunder pts.,
Check Format etc.

Data (> ESPOD

Prep. oI

Part Bl

) Least Squares

Polynomial
Approximation

Part B2

Analysis
Program

Spectrum,
Correlation,
etc.




The raw data is first checked in the Part A Program for errors
in format. For details of the edit and analysis procedures see Apollo
Note 465, If a data message does not conform to the appropriate format,
then that entire data message is rejected. No explicit statistical rejection
of data occurs at this point. However, there is a test in Part A of whether
or not the data appearing at the appropriate position in the message is
numerically within limits for the respective data type. If not, then itis
rejected. Therefore, an implicit form of statistical rejection of data

is present in Part A,

The Lunar Orbiter data presently undergoing analysié is N1 count
destruct doppler data. The quantization error is reduced by a factor of
100 in this mode and becomes a negligible error source. The sample
interval for this data is 0.4 seconds. The doppler counting interval is
somewhat less than 0,1 seconds each sample interval. Under these
circumstances, high frequency error sources associated with random
phase errors, quantization error, and high frequency clock noise will all
lead to a correlation function with an expected value of zero at all lag |
values other than the zero lag value (the zero lag value corresponds to

the combined variance of all these error sources).

We are concerned with the analysis of tracking data errors and,
therefore, it would be of particular value for us to determine first a
dynamic state vector or, equivalently, trajectory. This will be done

in subsequent studies,

The initial LLO doppler data supplied by MSC are time measure-
ments for N, =77, 824 zero crossings. The time is in units of 0.01
u-seconds. To obtain approximate estimates of range-rate we can

employ




Py + P, = three-way range-rate
f = RF receiver reference frequency~2.3 x 109 Hz
fB = receiver bias frequenc su_perimposed on the
doppler frequency = 100 Hz
fDB = bias frequency plus average doppler frequency

during the counting interval,

Now

f =

An
DB At

where An = N1 (for the present data) = 77, 824; At = time for An zero

crossings,

Variance of Approximating Polynomial

Solving the normal equations for the coefficients of the least
squares approximating polynomial will result, in general, in the in-
version of an ill-conditioned matrix. This matrix can be approximated
by the principal minor of the Hilbert matrix. ! However, if the degree
of the polynomial is small, the normal equations can be solved accurately
in a direct manner. Furthermore, the resulting polynomial will be almost
identical with that obtained through the use of the orthogonal Gram poly-
nomials., This result allows us to employ variance estimates which were
derived under the assumption that the approximating polynomial was deter-

mined in this manner,.

1Ralst:on, A., A First Course in Numerical Analysis, McGraw-Hill
Book Co., New York, 1965,




Specifically, let OZ be the variance of the doppler observable
-r(ti) and V(ti), i=0,1,
Let k be the largest integer such that 2k < m,
We define R(t) as

«+., n=-1, the variance of the approximating
polynomial, x(t).

where m is the degree of x(t).

V(t
R(t) = Y& (1)
o
Then
R (n-l)_l 1+5(l)2n2-1+9(_}__é)2n2-1.n2-9
2k 2 2 n2-4 2 4 n2-4 n2-16
2 2
1.3 2t-1\2 n“ -1 n°-9
+ o (4t+ 1)(__0_.. ) .
2 2 2t -2 - 16
n? - (2t - 1)2
.. 2 2 . (2)
n - (2t)
For the initial studies n = 1500, therefore the variance reduction
factor evaluated at the midpoint of the time span would be:
Degree 1 2 3 4 5 6 7
RZk(B—g—l—> .00067 | .00150 | .00150 |.00234 | .00234 | ,00319 | .00319

Here we employ the following approximation to Equation (2)

-1y
Rzk("“z) = a

[u 5(2)%+ e (4t+ 1)(21“ >




Since

nz-a -5
ls 55— < 1 + 10

nz-b

for n = 1500 and (a, b) = (1, 4), (9, 16), (25, 36).

The previous studies of doppler residuals (e.g., Apollo Note
265) have resulted in selection of m = 4 for the degree of the approxi-
mating polynomials for translunar flight phases. For lunar orbital

data, it is expected that

1) The appropriate degree will, in general, be greater than

or equal to 4, and

2) The degree will not be the same for short tracking

data segments from different portions of an orbit.

Initial experience with the data supports these conjectures. This will

be discussed in detail in a subsequent note,

Data Summary

The LLOZ data initially considered were taken Dec. 23, 1966.
Since we were employing polynomial approximation to the data, only
relatively short tracking segments were considered. We considered six
intervals (see Table 1) and found that in five of these, a fourth degree
polynomial removed the trend adequately. Case No. 3 which begins at
4:53:35,2 GMT Dec. 23, 1966, is being studied further to determine

if a higher degree polynomial is necessary for this interval,

Conservative Estimate of the Noise Error Component

A preliminary estimate of the standard deviation of the noise
error was made. The blunder points were identified and removed

prior to this analysis.,
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Since .

N
=%
and
df:%dt )
t

To obtain a conservative estimate, we employ the minimum

time count value.

_ -2

tmin = 7.95x 10 sec,

N = 77,824 = N1

dt = 1078 dc ,
where C is the number of counts.
Hence,
' df = ,123 dc
and

Of = . 123 O‘C

107

o. . = A O, = (. 123) (15, 8)
Pt P, f o 23x100

0. . 845 ft/sec for ,0795 second sample.

P1+'PZ

From the ANWG Technical Report No. AN-1. 1 the value of the

error sigma for doppler destructive n count is given by

g. . = 1.6 ft/sec for .08 second
Pt e, "

Therefore, forming the ratio

o {LLO2 data) . 845

o (ANWGQ) - w = .53,

indicates that the L1.02 data noise error component lies within ANWG

navigation system accuracy values,




Data Interval 0, % l-;.pz(ft/sec) 0(1;122?\132‘-)3)
Count
51 - 1050 15, 8 . 845 .53
51 - 1550 13. 8 . 738 . 46
1501 - 3000 11,1 . 594 .37
3001 - 4500 11. 4 . 610 .38
4501 - 6000 10, 4 . 556 .35
6001 - 7500 10,1 . 540 .34
7501 - 9000 10, 4 . 556 .35

Table 2 - Data Residual Sigma Values




Correlation and Spectral Analysis of Residuals

As indicated from the data summary in Table 1 and the
graphs of polynomial approximation residuals, the high frequency
noise of the doppler signal is composed of components from at least
two different distributions. Initially, we identify and remove the
""blunder' points by employing a 4-6 sigma threshold on the second
differences of the data. This deletes from zero to 12. 7 per cent of
the format valid Hawaii, Dec. 23, 1966 data. The Nyquist frequency
for this data is

w, = (1/24at) = 1.25cps

since the time between samples is 0,4 seconds.

The correlation plots provide values of the autocorrelation
coefficient, P for 1-40 lags in initial plots and 1-100 lags in subsequent
plots. One lag corresponds to approximately 0, 4 seconds. Neglecting
the aliasing effects, the auto correlation coefficient and spectrum plots

indicate several noise error characteristics:

1. Raising the degree of the polynomial from 4 to 6
substantially reduces the one lag autocorrelation
coefficient for the data point interval, 3001-4500
but not for the other intervals of the Hawaii, Dec. 23,
1966 data.

2. There is: (a) a component with a short correlation time,
and (b) a noise factor in the Hawaii data with an approxi-
mate period of 11,2 to 12. 4 seconds indicated in the corre-
lation function graphs. The spectrum indicates that (b)
has a period of 12. 8 seconds. This is not present in the

Carnarvon, Dec. 22, 1966 data.

The standard deviation in the computed value of P is

(N - k - 1)'1/2.
Lag R
1 2 5 20 40
Upk .02584 . 02585 . 02587 . 02600 .02618
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APOLLO NOTE NO, 488 : C. H. Dale
(BBC Task 204) L. Lustick

TRACKING THE LEM AND CSM FROM LEM TAKEOFF
TO RENDEZVOUS

This Apollo Note describes the first use of the RTODP-OEAP
for the whole Lunar takeoff to rendezvous mission. In the first com-~
puter run all RTODP variables were chosen to be optimum - at least
as far as is known, In further computer studies, variation in the
RTODP make-up should be made. This computer study includes re-
sults with and without intervehicle radar tracking during the terminal
phase of the rendezvous mission; however the assumed characteristics
of the intervehicle radar are just a guess, and faith in the results should

await refined assumptions,

In any case, this example is a good start at Lunar rendezvous
navigation analysis and also acts as a good example for showing the
capability of the RTODP-OEAP, The order of presentation within this
Note will be:

Page No.
Vl. 0 Definition of Tracking Situation 2
2.0 Graphical Summary of Results 4
3.0 - A Computer Listing of Input Card Deck 8

4,0 Computer Results 18




1.0 Definition of Tracking Situation

Tracking consists of Madrid (master), Ascension and Bermuda
using "one-minute, 0= 0.04 ft/sec, Doppler measurables. The tracking
encompasses the Lunar take-off to rendezvous portion of the Apollo mission.
The Moonis in the Earth's equatorial plane with aninitial sublunar point of
zero latitude and longitude. The CSM is tracked, when visible, from its
first appearance from behind the Moon before LEM take-off to the last
LEM boost prior to rendezvous. Three LEM boosts occur between take-
off and the nominal time of rendezvous wherein the RTODP filter boost
assumption equal the true component uncertainties of 0, 5 ft/sec in each
axis., The actual apriori state components of uncertainty for the CSM
and LEM, both at the time of LEM ascent burnout, are individually equal
(5,000 ft, and 10 ft/sec in each axis)., Because the CSM has been tracked
previously while the LEM has just undergone a large boost, it was decided
to downweight the LEM apriori state more. Thus, the RTODP filter
apriori state of the CSM was assumed equal to the actual, while the LEM
filter assumptions were doubled (10, 000 ft/ and 20 ft/sec in each a).cis).
Batching occurs between boosts with estimated pseudo-biases in each
measurable re-initialized with an apriori uncertainty of 0. 1 ft/sec. each.
The nuisance parameter assumptions are shown in the data input listing.
Results are computed with and without 30 minutes of intervehicle radar
(on the LEM) data starting after the last boost prior to rendezvous. . All
tracking stops 30 minutes after this boost, and results at nominal rendez-
vous are shown for: The CSM, the LEM with and without intervehicle
data, and the LEM/CSM relative state with and without intervehicle data.
It should be noted that the assumed one-minute sample noise figures
for the intervehicle radar (or = 100 ft, 6t = 0,3 ft/sec, CAz=0E = 0,001

radian) are not firmly known,

The LEM and CSM orbits are in the plane of the Moon's orbit
which, as stated before, is in the plane of the Earth's equator. The
following sketch shows the geometry, Actually it was possible to fit one

o~ T\~

ellipse to the entire LEM orbit, making rotations at boost times unnecessary.
he computer orbits match perfecily al rendezvous and TPI, while the LEM
orbit is not quite right during the earlier portion of the trajectory. This in no

way affects the results, which are general for any near-orbit situation.

2
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2.0 Graphical Summary of Results

Figure 2 shows the total and in-plane position uncertainty of
the LEM, CSM, and LEM/CSM relative position at various events
along the mission, Figure 3 shows the total velocity uncertainty in the
same manner., Figure 4 shows each component of position and velocity
uncertainty along the way. The coordinate system is always locally de-
fined with x through the vehicle and away from the center of attraction,
y in-plane, and z out-of-plane. Though a plot of in-plane velocity un-
certainty is not shown, a glance at Figui‘e 4 shows that the z component
of velocity uncertainty swamps the in-plane terms. Since this is the first
time that the entire LEM ascent and rendezvous has been analyzed by
the RTODP-OEAP it is not felt that hard and fast conclusions should be

offered. However, a few obvious trends should be noted:

1, The MSFN North-South separation of this example
is large. The out-of-plane, z, direction parallels this separation. The
absolute LEM and CSM position and velocity uncertainties are predominently
in this direction, and can thus be expected to increase proportionately to any

decrease in North-South station separation.

2. The LEM/CSM relative state uncertainty components,
at the time of rendezvous, are not greatly different from the absolute

LEM components, under the assumption of MSFN tracking only.

3. Intervehicle tracking (with the assumed measurement
statistics of this example)greatly decreases the out-of-plane LEM/CSM
relative position and velocity uncertainties at réndezvous, and thus
greatly decreases the total relative state uncertainty at rendezvous, This
effect would be even more noticable if the MSFN station North-South

separation were smaller.

e
is slightly improved by intervehicle data, while the veloci

degraded.

5. Further CSM batching may improve its state uncertainty
at rendezvous.

4
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3.0 A Computer Listing of the Input Card Deck

It is hoped that the results and inputs of this example may both
be of use to analysts at MSC, Thus a 1004 computer listing of the
inputs was printed and is included in this Apollo Note on the following
nine pages. This listing shows each input card, including blank cards;
although blank cards are not seen clearly when occurring at the begin-
ning or ending of a page.of the listing, The column of each entry on a
card is not indicated, however Apollo Note No, 482 may be used to ans-

wer any such question,




PROGEAM A XA siaw plCin L gel

Ul 0+ 0891b L V0O
ue Hed299400~01
03 De2oluT TS
o4 Le . +0u
05 Ue E+0u
0o Je E+00
07 LeBO0 ¥
08 L¢80 L+oe
vy 40417 £t+01
10 -3eD0 7 E+00
11 {e292 £-05
lc £ebDO E=0b
13 209 eto7
14 Le24 E+uy
15 Le7313945E+14
16 ie2 o101l
17 Ue E+30
16 Us ctiu
19 Jo £+0U
2u i, oy
21 Ue L+0u
Ze Ue E+00
29 1273763 L1001
2l Je £+00
2o Ja E+00
20 Joe E+00
27 1. E+00
28 ie E+00
29 Se U E+01
3 Ue E+00
31 Ue E+00
32 1. Et+u0
33 1o E+00
34 Ue E+00
35 Je E+00
36 Ue £to0
37 Je gE+00
36 Ue t+0u
39 Oe E*OU
PrOGKAM A A>Civ 8TCH L g2
U9 ~7e97 £100
10 =lebiy ttouil
30 HeUY17 =t01l
31 -detbo7 ztuo
32 Ue £E+t00
PROGrA A ot bTor 1 002
0% S 23D Z*tul
1¢ =0s 00 1ol
PROGRAN A cad ofCn 2 004%
U1 RIS S IR VS
(P4 Ce2i7171,2701




03 De22DHBOYOLTUS

08 -Le4290%27ET0E
09 GbeU4L4L7 E+01
10 -5e667 E+GU
1o el E+01
23 veETUHTHUETYL
27 1.3 E+01
30 Ue £E+00
31 Ue E+GO
32 de E+Q0
37 Le2737083 Lt01l
PROGRARM A AsCiv BTCH 2 0G5S
09 -797 E+QO
10 -1elii} ctul
30 440417 161
31 -Je0O7 E+Q0
32 Us +00
PicOGRuM A SR BTCH 2 + 006
09 e 35 £t01
10 ~5¢4 66 ct01
PROGRAM A MAD cTCh 3 007
01 0e338L49IYHEO
02 =3.6351500c-01
03 Sel2650552103
08 1e72095%0E401
09 GelU417 01
10 =-3.007 E+00
16 1.00 gtoe
25 1.000839 £to2
27 Ye 5 Etul
39 U £t00
31 Ue £+00
3z l. E+00
37 0+8700750E101
PROGRAM A ASCH BTCH 3 008
09 -7e97 Et00
10 -1lelG tt01
30 4.04517 Etul
31 -5e007 et00
de Ue Et00
PROGRAI1 A GeR BTCr 3 003
09 Sel230 Etol
10 -0 400 E+01
PROGRAM A il BTG & 013
Gl DedovkalLitlo
Uz Jel300u 3001
03 Qe l00HEYG3
0o le 050034402
09 GelUuy L7 rtul
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lu -2e057 L+0U
16 Le20 £+ie
106 Le30 E+02
lo Leda E402
23 1899900002
27 1.01 £+02
S0 Ue E+00
31 Ue E+60
se Lo £+00
37 1.000859 Etye
PROGRAN A ASCH OT
09 ~7.97 E+00
lo '1-44 E+Ul
30 40417 Et01
31 -5¢067 E+00
32 Ue £+00
PROGRAM A SERM BT
09 3ec35 E+01
10 —oeliod E+01L

PROGRAM A

01
02
03
08
09
10
16
16
1o
1o
lo
16
2U
21
e
23
27
32
37

PrROGRAM A

09
1lu
30
31
3

PROGICAIM A

MAD CSiA
0e 3835020106
Ue E+00
D¢207545921H03

=1.734579 £Hue
4L.0417 cty2

-5eH07 £+30
O. E+(0
3.1 £+01
1,00 ctoe
lec0 E+02
1.30 £tz
l.49 £+02
1. £+00
Ue £+00
1. E+00
1849990508102

"502 £+01
Lo £+00
Ue E+JU

Ani C5M

-797 ttyu
-iebl ct0l
welU417 E+01
-3e07 =400
Je E+Cd

S CSM

09 decdD iyl
10 ~oshnn ctul
PKOGhA C i TO

CH 4

iy o

T1

T1

T1

011l

012

013

014

015




Gl

RN R e F ot 1)

e Selludz30l=01
0o Dec 200+ {EVYU3
(18} Ue £+00
07 Leb o2
08 1.036693u+(02
47 10000289 +02
41 Qe dH3D0ueHLEH(6
4z Ue 2+00
43 2e2U75459E+03
44 Ue £+g0
45 1.60 E+Q2
46 =1.754579 E+Q2
46 Ue £+00
27 1.01 £+02
28 le £+00
1o 1.0 E+G2
1o 1.3¢0 ctQe
16 Led9 E+Q0e
21 1. £E+00
20 le +00
24 1o E+(Q0
25 le c+00
22 Je £+00
23 Ue "E+00
93 i. t+00
15 Le7313940E+14
PROGRAM A XX  APF

0L 01 1. c+08
02 02 1. £+98
U3 03 1. £+08
04 04 4. Ctoue
U0 05 4. g+toge
06 06 ‘e Etye
07 07 1. £=0e
Ub 08 1. E—~02
09 09 1. =02
16 10 1. L+00
11 11 1. E+Qu
12 12 b5 E+07
15 13 2.5 etu?
14 14 2.5 E+Q7
15 15 1. E+oe
16 16 1. Etoe
17 17 1. Et+oz
18 18 1. E=ge
19 19 1. Z—ue
20 20 1. =02
PrROGK/M A AR

U1 01 2.5 Lo
02 G2 2.5 Et07
05 803 2.5 E+07
ud 04 1. Etye

001
ZRNOUT X
3RMNOUT Y
BENQUT 2
ARNX 00T
Ler BRNY 00T
Lokl 8RNZ LOT
LablZk PBIAS
ASHMLEM PBIAS
CLiRLEm PI3IAS
DUMMY
LUMMY
CSM AT T1 X
Com AT TL Y
CsM AT T1 2z
C5M AT X ULOT
CSHM AT Y LOT
Coit AT 2 LOT
SALCSH PIAS
ALINCSIM P3LAS
PHIAS

Ll
L
LM
Lt

i
DG iy

002
SRNOUT X
BSapNOUT Y
BiNOUT Z
dRNX 00T

12

L in
Ly
L)y
Lk
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PROGR A4 A

ie
ile
ll
1.
le

1
1l e

PROGRAM A

2eb
Lebd
Led
1.5
1.0
1.0
1.0
1.0
Lo

oo

1.
Ze
EX)
Ced
+ e
25
4o

‘PROGRAM A

6o

o Uo
12 12
13 13
g 14
1b 15
16 1o
17 17
07 07
68 06
U9. 09
16 16
19 19
20 20
07 07
08 08
09 09
10 10
11 11
12 1z
13 13
Ia 14
15 15
16 16
17 17
16 18
19 19
20 20
2l 21
2¢ 22
07 07
08 006
09 09
10 1¢
11 11
12 12
07 11
11 07
0o 10
10 08
13 13
14 14
15 15
lo 10
17 17
lo 16
15 19

2e551
1eb41

ie

Le252
l QZC_)
1e35
1435
"‘40392
-t e 392

Lo
1.
1l
e
Zed

2eD

PrOGH.aMm A

L
L

i
CSH
Coi
CoM
CoM
CSM

GRIWY LOT
aRMz T

AT T1 X
AT T1 Y
AT T1 Z
AT X 0OT
AT Y DOT
AY zZ UOTY
003

MADLEM PSIAS
ASHLEM P3IAS
BLRLENM PBIAS
MaDCSHM P3IAS
ASHCSM PBIAS
BLRCSH P3LAS

0ok

LUMAR MU

MAD
MAD
MAD
ASN
ASH
ASH
BeR
BER
Bif
MAD
MAD
ASH
ASN
EER

BLR

LUN
LUN
Lo
LUN
LUN
LUN
LU
LUN
Lub
LUN
Lot
Lo
Lot

STA up
STA EAST
STA NORT
STA up
STa EAST
STA MNORT
STA Uup
STA CAST
STA WORT
CLK BIAS
CLK RATE
CLK 3IAS
CLK RrRaJE
CLK BIAS
CLK RATEL

005
EPH L1
£r Le

EPH L3
EPH LU
EPH LS
EPH L

EPHL X 5
EPHS X 1
EPH2 A b
PR A2
PLAT P X
PLAT PY

PLAT £

L-RAD R BIAS

LA Rin

LwicAT ALSIAS
LiWRAD AZBIAS

0o
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ce5D
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uo 06 2ed

PirQGRRAM A

Ud 04 <o
Uo UD 25
Jo 06 Zed

PROGRAM B

£l
£-31

Z=yl

ApR
£=01
=01
Z—ul

LNITIAL EULER ARGLES

U. t+OU 1060
Ue c.t0uU 180
BwATCH U
UU1APF
013RD L. ctlg
UVi4RD 1. ctu2
U1BRD 1. ctu2
JU2AFN
U04AaPUL
U1l3RD 1. ctu2
014R0 1. otu2
G1510D “le ttu2
UOSAPG2
01l3rD le +02
Ul4Ru 1. L+u2
U15RD le c+i2
BATCH A
PF
OULIRD Le2 Ltul
VU2KE 1.2 ot01
003RrD Le2 tJdl
PN
PO
UVULRD 1.2 c+01
Ou2RE 1e2 ctul
JU3RD Le2 Ltul
POz
001RD le2 c+01
QU2RrRD Le2 Z+01
OO03RD ~ L.2 Ltul

CPOCH ChoiAivGE A

Y.

P

JUOALH

Uuld 1.2
Pl

73750701

et FILTER
IN AYZ
T12:T3r15

oousT

.
Al

uo7
Les RZAL
BUOST UnC AT
TerTOrAND TS5

w+02  1.80 E+02 A
L4002 -1.734572 E+02 8 N

C 6 0% 09 g2 1111 U E£+00 0. £+00
4- 5"02 07
4o £~-02 038
4- i-bZ 09

232L42520272829303132333435363738
4, E-U2 07242520 23 34 33
38 E=-U2 D0s272329 23 242326 34 3536
fo U2 092303132 23 242526 34 3738

2324252027283293031323334355
4 -0z 07 23242526272
i, =02 0Ob 232u2526272!¢
4. c~u2 09 232425262724
0 0 6% 09 02 11111 U E+00 0, E+00
4o C‘UZ 07
i L-02 08
by =02 09
Q. L-u2 07242526 23 34 33
Lo =02 Oo272629 23 212526 3 3536
o g-U2 093503132 23 21425206 34 3738
G c=02 07 23242526272
4, E-u2 06 23242526272
Lo E-02 09 23242526272
3 ¢ U9 u9% vz 111l 1275753 E4+01 O E+00

1215141510617
*

121314151617
14




QUT7ALIK

POl
".ulu
rCec
vJdlu

LATCH
PF
VO3A
LU4RD
VOUSKE
JUORD

PN

PO1
JULRD
V05RO
cuoRrl

PG«
0o4RrD
0UBRE

- QUeERE

l . z.’_*[:) /1_;;'* Ul

1e273702+01

A
3.1 c+il
3'1 £;+Ul
a1 ctul
el ¥l
3.1 tul
3.1 ntul
Jel t.t+tul
3.1 ctul
el Ctul

cFOCH CHANGE A

PF
uLaG
UUBABF

PN
VUT7ABRK

POL
QuitQ

POz
ui4Q

HATCH
PF
UU3A
UuU7TRO
VOBRD
LOLKD

PN

POl
VU7RD
JUBRD

R IAYESN
.\/u TN

HeC700TLTUL

0e37007Lt01

Heo /007401

A
1. £tu2
1. ctugz
le w+de
1. C.'{"'L)Z
Lo tue
ln i“f“\/‘(:

d 6 0Y

Go
it e
4o

i
t}o
4o

00 09

I
it

{
‘re

23
*
U9 g2 1111 1.2737830E+01
121314151617
g-v2 07
£-v2 03
£-02 09
121314151617
121314151617
£-02 07242526 23
£-02 05272629 23 242526
E-32 03303132 23 242526
121314151617
E-u2 07
£-u2 08
E-u2 09
U9 02 1111 ©+8706750E+01
121314151617
*
121314151617
23
*
09 02 1111 6+ 8706750E+0L
121314151617
E-02 07
C~02 0o
E~02 09
121314151617
121314151617
E-02 07242526 23
L=02 06272629 23 2H2526
E-02 0u303132 23 R42526

15

34

34
34

E+00

2324252627282930
33
3536
3738
c324252627282930
232425262728
232425262728
232425262728

E+00

E+00

£324252627282930

o O
~d O
oo

W



‘.'Lruun

?Ce

(:UY!’\D l' k*\'):/_
GUSRD 1. Ltoe
DU 1o ctud

Pk
FRVIVAe!
UboAor

leUuggeiiitu2

Py
GO07AbK
POy :
Qo779 1.0u00u+0e
PO«
JUTQ 100084 +02
BATCH A
PF
Gu3A
U10RD 1.3 ctde
Ul1R0 163 ct+G2
G12RD 13 Lty
Ph
PO1
D10RU 1.3 Ltog
UL1RD 1.3 tue
Ul12RKRD 13 ptu2
Plc
ULORD 15 c.tu2
U1l1KEG 1.3 L+iz2
Ui2kD 13 tue

PROJECT COV t
PF

013a Lelty9uniitu2
PiN
POL

013Q Je 4390 +02
POZ

Ui3a 1o

9996 +02

PROJECT Cuv A
PF
vlow 149996 +U2

P

't C"Ud 07
it e L=ue Q¢
o {." ;:: U.\j

oo oJdr oul? o2 £111
*
*
0 0 09 09 02 1111
$ o t=-u2 07
i} o E-De 03
It o E-uez 09
o, =02 )72“23(6
4 o L-i2 06272
i, C-02 0990513-
4o £-u2 07
s £-u2 08
4, - G2 09
0 0 CY 09 @2
ES
*
0 0 0% 09 02 11111
K

23

1.000839 E+02
121514151617

121314151617

121314151617
23

23 242526
23 242526
121514151617

1.000839 E+02

1.4999680E+02

16

0o

34
34
34

232u282527282330
GURH262728
425262728
LGeh2h2 128

(NQ(H@

PJR)N

NS IACIN AS JAV]

£+00

£+00

232425262728293(
33
3536
3738

232425262728293(
23282526272¢
23242526272¢
22242526272¢

1.499%680E+02

1,

49925680E+02



POY
0lCu
"' PUc

Jldw

BATCH
PF
U1lakk
ulokD
UlbIAl
UloiAz

J16R
U1l6RD
GlolAs
016IAe

POz
U1loR
0lonrD
GlolAL
Ulolae

PROJECT

Pr
013Q

PN

PO
U013y

POz
013Q
PROJECT

PF
oigQ

PN

PO1
vlioa

POe -

gloaQ

SUMMARY

LedSCiyp vyl

1e859S9p +y2

A
1420 Loz
130 L¥uz
1.20 wtu2
1e30 Ltuz
Je3du c+d2
130 ctue
130 ctue
1650 +02
126 £+02
1¢3u0 ctug
1.30 ctie
150 Etu2
cov 3

1e499%6+02

1.4999G6£+02

le493ea+02
cuv A

149590402

1e49990c+02

1.4999,+02

*
0 v Uu 09 02 1111
1. ctu2
3. f‘.“'Ul
lo L:"OS
1. E=-03
lo E*UZ
Ze £-01
1. E-03
1. £-03
1, E+02 32
S E-01 335
1. £-03 34293031
1, £=-03 35263031
U 060 06 09 U2 1111
*
*
0 0 00 09 02 1111}
*
*
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1.000839 E+02 0. E+00
121514151617
121314151617
121314151617
121314151617
121314151617
121314151617 )
121314151617 232425262728293
23 '
23
23
23
121314151617 232425202728293
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23
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4.0 Computer Results

Computer results for this example run are included herein.
For each event (batch, epoch change or projection) the uncertainty in
the state parameters is shown for the RTODP filter and for the actual
real-world. These filter uncertainties are the square roots of the diagonal
elements of the state covariance matrix as computed by the RTODP, The
real-world uncertainties, correspondingly show the actual uncertainties
that exist, The first six elements refer to the position and velocity of
the LEM. Elements seven, eight, and nine are the station pseudo-biases
when the LEM is estimated. The remaining elements, twelve through

twenty are correspondingly for the CSM,

18




Batch All CSM Tracking from - 32.0 to 100. 0; Epoch at 0, 0 Minutes

Filter Uncertainty

SQRT( 19 1)
SQRT( 2+ 2)
SQRT( 3» 3)
SQRT( 4y &)
SQRT( 5¢ 5)
SQRT( 6¢ 6)
SGRT( 79 7)
SGRT( 8¢ 8)
SGRT( 9r 9)
SGRT(10+10)
SQRT(11011)
SGRT(12¢12)
SQRT(13,13)
SORT (14 14)
SQRT(15+15)
SART (16 16)
SERT(17+17)
SGRT(18+18)
SGRT(19+,19)
SGRT(20+20)
SQRT(21r21)
SQRT(22122)

L T e T T 1 O I R

1.000000E 04
1.000000E 04
1.000000E 04
2.000000¢ 01
2.000000E 01
2.000000E 01
1.000000E~01
1.000000E-01
1.000000E=01
1.000000E 00
1.000000E 00
3.012862E 00
1.011745E 01
3.388483E 02
8.740513E-03
2.136194E-03
8+556591E-01
1.083615E-02
1.129198£-02
1.067912E~02

0
0

Total Actual Uncertainty

SORT( 10, 1)
SQRT( 2, 2)
SGRT( 3» 3)
SART( 4y )
SQRT( 5¢ 5)
SART( 6 6)
SQRTC 70 7)
SORT( 8, 8)
SQART( 9y 9)
SQRT(10+10)
SQRT(11,11)
SART(12+12)
SQRT(13,13)
SGRT(14,14)
SERT(15,15)
SQRT(16r16)
SAQRT(17,17)
SERT(18¢18)
SQRT(19+19)
SQRT(20,20)
SERT(21,21)
SQRT(22+22)

L O O O I N T T O T S P T T TR T T IR

5.000000Z 03
5.000000E 03
5.000000E 03
1.000000E 01
1.000000E 01
1.000000E 01
0
0
0
0
0
7.405058F 01
4.914773E 01
4.822602E 03
44191678E-02
4 «586972E~02
3.880909 00
4.356862C=02
2+765555E-01
2.775832E~01
0
0

First Batch of MSFN LEM Data plus apriroi; Epoch at 0, 0 min.
Total Actual Uncertainty

Filter Uncertainty

SQERT( 1, 1)
SQRT( 2, 2)
SGRT( 3, 3)
SART( 4, 4)
SQRT( 5, 5)
SERT( 6 6)
SQRT( 7, 7)
SOQRT( 8, 8)
SGRT( 9, 9)
SeRT(10,10)
SGRT(11,11)
SORT(12+12)
SGRT(13,13)
SQRT(14914)
SORT(15/,15)
SGRT(16r16)
SGRT(L7+,17)
SART(1as18)
SGRT(19,19)
SART(z0,20)
SERT(21:21)

SURT(22+22)

L N N I N T I T T T T T TR TR ] i

1.625992E @2
7.081446E 02
6441165 03
8.060523E£-02
8+671203E~-01
8.541775E 00
7+276877E-02
9.073437€-02
6 448113E-02
1.000000E 00
1.000000E 00
3.0123862E 00
1.011745E 01
3.382483F 02
8e740513E-03
2¢136194E-03
8455565916 =01
1.083615£-02
1.129198€-02
1.067912E~02

0

0

SART( 1, 1)
SQRT( 2, 2)
SGRT( 2, 3)
SART( 4, 4)
SQRT( 5/, 5)
SQRT( 69 6)
SQRT( 7+ 7)
SGRT( 8, &)
SCGRT( 9, 9)
SGRT(10+10)
SQRT(11+11)
SQRT(12,12)
SGRT(13,13)
SGRT(14s14)
SQRT(15+15)
SORT(16116)
SORT(17+17)
SGRT(13+18)
SART(15,19)
SQRT(20:20)
SGRT(210,21)
SGRT(22922)

T O O T T T T P TR F O O YRR PR TR LR T o1

1.8802706E 02
7+292509E 02
6302155 03
1.879775E-01
8e741734E~01
1.497369F 01
1.308470E-01
5.048614E=-02
1509568E~01

0

0
T.405058E 01
4.914773EF 01
44822602E 03
44191673E~02
4.586972E-02
38309055 00
4¢356002E=-02
2+4705555E=-01
2e¢773332E-01

0

0



Project Results of First LEM Batch to First Corrective Boost (t—lZ 74)

Filter

SORTO 10 1)
SORT( 2 2)
SGRTC 3¢ 3)
SArT( 4y )
SERT( 5, 5)
SCRTO 6 &)
SGRTC 7 7))
SGRT( ar» 8)
SGRTC 9y 9)
SCRT(10+10)
SURT(1111)
SGRT(12r12)
SCRT(13,13)
SQRT(144,14)
SORT(15+15)
SEGRT(1A16)
SGRT(17.,17)
SGRT(1ar18)
SGRT(19,19)
SART(20,20)

_SQRTI(21921)

S5URT(22.,22)

Total Uncertainties at Time of Completing First Corrective Boost

Filter

SARTO 1+ 1)
SORT( 24 2)

GRTC 3, 3)
SGRT( 4 4)
SGRT( 5 5)
S5aRT(O B¢ 6)
SQRT(C 7, 7)
SART( g» 8)
SARTC 9, 9)
SOeRT(10010)
SQRT(110,11)
SGRT(12,12)
SGRT(13,13)
SURT (149 14)
SURT(15:15)
SuURT16e16)
SCRTUL7.17)
SuRT(16,18)
SGRT(19,19)
SERT(20020)
SCRT(Z1r21)
SGRT(22922)

By R e P I R A TR T RN YRR AN

Hnuanusuonpputannunn Wit nu

1.669837F 02

1.474271F 02
7.321954E 03
©+557293£-01
Be580649E~01
8+045093E 00
0
0
0
0
0
3.012862E 00
1.011745E 01
3.388483F 02
8.740513E-03
2.136194£-03
8+556591E-01

COCOOCOocOo

1.669837E 02
1.474271E 02
7.321954E 03
£+246095E-01
©.9351140E~01

~8.060615E 00

0
0
0
0
0
3.012862E 00
1.011745E 01
3.338483E n2
Ge 7THO513E~03
2.136194F-03
B8e556591E-01

SO0

20

Without Adding Boost Uncertainties

SARTO 1 1)
SARTC 29 2)
SGRT( 3» 3)
SART(C 4y 4)
SGRT( 59 5)
SURTC 69 6)
SGRTC 70 7)
SQRT( 8» 8)
SGRT( 9, 9)
SGRT(10010)
SGRT(11.,11)
SGRT(12+12)
SQRT(13,13)
SGRT(14,14)
SGRT15,15)
SCRT(L16r16)
SART(17:17)
SQRT(18,18)
S5GRT(19,19)
SQRT(20020)
SGRT(21,21)
SGRT(22:22)

SQRT( 1» 1)
SQRT( 29 2)
SOGRT{( 3» 3)
SARTC 1y )
SORT( 5, 5)
SQRT( 69 &)
SGRTC 7» 7)
SGRT( ar 8)
SORT( 9, 9)
SGRT(10,10)
SCRT(11+11)
SGRT(12012)
SERT(130,13)
SORT(14y,»1y)
SERT(15,15)
SCRTUIHr10)
SGRT(17+17)
SERT13918)
SART(19919)
SeRT(20:20)
SuRT(Z21021)
SART(22,22)

iptal

R L N T T T T N I T I IR I TR I

)
(0]
Ine
Y|
[

R I A R I A T O I N T A T T VAR TR TR TR IR LR I IR TR TR T

1.559281E 02
2.411222E 02
9.350220E 03
6.803408E-01
E+.67068U4FE~01
1.384876E 01
1.299274E-01
4.621485E=02
1.503684E~01

0

0
7.405058E 01
4.514773E 01
4.822602E 03
4.191678E~02
4586972E~02
3.88090%E 00
he223623E-02
2.763308E-01
2+773833E-01

0

0

1.959281E 02
2+411292E 02
34350220E 03
3.443125C-01
1.000903E 00
1.385778E 01
1.299274E~-01
4.621485E~02
1.503684E-01

0

0
7.105058E 01 -
4.914773F Q1
4.822602E 03
419167802
4.586972E-02
3. 6880909F 00
4 e223623E=02
2.763308E~01
2¢7T73833FE=01

0

0



Add Second MSFN Batch to LEM; Epoch at First Corrective

Filter

SORT( 1, 1)
SCRTC 29 2)
SGRTC Z» 3)
SERT( 49 4)
SGRT( 5, 5)
SERT( 69 B)
SGRTC 7, 7
SGRT(O &» 8)
SGRT( 9y 9)
SGRT(10010)
SGRT(11.11)
SGRT(120,12)
SORT(13,13)
SGRT(14914)
SORT(15215)
SGRT(16¢16)
SGRT(17017)
SGRT(1/3.18)
SGRT(193,19)
SaRT(20020)
SURT(21r21)
SGRT(22922)

Project Above Results to Second Corrective Boost (t = 68, 71 Min)

R T T O R O N T T O T N A TR T A R TR TR TN T AR T Y

Boost (t = 12, 73)

4,182384E 01
1.GA3454E 02
3.705165E 03
1.193397E~01
1.320352E~01
44.652510E 00
6+ 308669E~02
He429B68E=02
5.978050E-02

0

0
3.012862E 00
1.011745E 01
3.388483E 02
BeTUNS13E~03
241351C4E~03
84556591E-01
1.000000E~01
1.000000E~01
1.000000E-01

0

0

Total

SGRT(O 1+ 1)
SORT( 29 2)
SQRTO 3» 3)
SGRTCO 4 4)
SSRT( S 5)
SART( 69 ©)
SURTC 79 7)
SGRTO 8¢ 8)
SGRT( g9y 9)
SGRT(10,10)
SCGRT(11,11)
SORT(12,12)
SERT(13,13)
SGRT(14s1y)
S5GRT(15,15)
SART(16+15)
SuRT(17+,17)
SGRT(13+18)
SERT(19,19)
SGRT(20,20)
SeRT(21:21)
SaRT(22¢22)

Without Adding Second Boost Uncertainties

Filter

SGRT( 1» 1)
SERTC 20 2)
SAQRT(O 3» 3)
SQRT(C 4, 4)
SGRT( 5 5)
SQRT( 6 B)
SGRTC 70 7)
SQRT( 8¢ 8)
SGRTC 9» 9)
SORT(10010)
SaRT(11.11)
SaRT(12,12)
SQRT(13,13)
SGRT(14014)
SulRT(1%,159)
SGRT(16016)
SCRTL7¢17)
SERTLIs L)
SERT(19r19)
SuRT(20.20)
SGRT(21¢21)
SGRT(22022)

I N T T T P O R O F O S O A A RO N

6.988799E 02
1.496738E 03
4.389824E 03
1.312044E 00
4.239186E-01
4.228734E 00

0

0

0

0

0
3.012862E 00
1.011745E 01
3.388483L 02
3.740513E-03
2.136194E-03
84556591E~01

S OoOOoOCa

21

Total

SORT( 1 1)
SERTO 29 2)
SORT( 3r 3)
SGRT( 49 4)
SaRT(O S 5)
SART( 69 6)
SGRTC 79 7)
SQRTL 8 8)
SGRYT( 9y 9)
SGRT(10.,10)
SGRT(11011)
SGRT(12,12)
SGRT(13913)
SGRT(140,14)
SORT(15915)
SORT(162106)
SERT(LT717)
SURT(138916)
SUGRT(19¢19)
SART(20020)
SORT(21,21)
SART(22,22)

R N L I TR T A T T I I O R E R T T F R TR T IR T LR T

L T A A I S T R A PO R N AN S A YN PR Y I A ¥

S.699160E£ 01
1.28H002E 02
HeT7i4136E 03
2.208220£-01
1.600600E-01
b«433956E 00
1,360267£-01
1.26R35825-01
1569234E-01

0

0
7.405058E 01
4.914773E 01
4.822602E 03
4,4191678E~02
4 4536972E-02
3.880909E 00

0

0
0
0
0

7.954962E 02
1.918734E 03
5.708332E 03
1.600989E 00
4.709102E-01
B.026636E 00
1.348318E-01
1.247673E-01
1.561681E-01

0

0
7.405058E 01
4.914773E 01
44822602E 03
4.191678E-02
44586972602
3.680909€ 00

OO OO



LEM Total Uncertainties at Time of Completing Second Corrective Boost

}filter

SGRTO 10 1)
SGRTO 2 2)
SARTC 3¢ 3)
SURTO 49 4)
SCRT( 59 5)
SGRTO &6 6)
SARTC 7e 7))
SCRT(C &9 8)
SGRT( 9y 9)
SORT(1010)
SGRT(1t.11)
SGRT(12912)
SERT(13,13)
SOGRT(Llye14)
SURT(15915)
SART(LEe16)
SGRTOL7,17)
SCRT18,13)
S9RT(19+19)
SGRT(z0,20)
S6GRT(21021)
SERT(22¢22)

R A A T S S A A T O T A A T T O T T O T AN TR VRN TR TR TR Y

(t=68.71)

CeF8RT7ACE 02
1.4967382 03
4+339824E 03
1.404086E 00
6« S55204E~01
4.253191E 00
0
0
0
0
0
3.012862E 00
1,011745E 01
3.388483E 02
B« 740513E~03
2¢136194E-03
83.556591£-01
0

0
0
0
0

Total

SGRTC 1+ 1)
SERTL 29 2)
SGRTO 2 3)
SARTC 4y 4)
SURTL 59 )
SERT( 6 6)
SURTC 7 7)
SGRTC ar B)
SART( 2» 9)
SCRT(1010)
SurT(1l1,11)
SGRT(12012)
SGRT(12+13)
SURT(14,14)
SGRT(15+15)
SART(1616)
SORT(17,17)
SGRT(18,13)
SGRT(12,19)
SaiRT(20,20)
SQRT(21,21)
SORT(22:22)

LE I T O R I O A O R S O T E R S O A Y N A Y

7.9549062E 02
1.G138734E 03
5.703332E 03
1.677250E 00
H863452E-01
3.0421G4E 00
1.3483318E~01
1.247673E-01
1.561681E-01

0

0
7.405058E 01
4.214772E 01
4.822002E 03
4.1916786E£-02
44586972E~02
3.88080°2E 00

o0 OO

Add Third MSFN Batch to LEM; Epoch at Second Corrective Boost (t = 68, 71) _

Filter

SGRT( 1» 1)
SGRTL 29 2)
SGRT( 2, 3)
SART( 4» 4)
SART( S bH)
SaRT(O 6 6)
SQRTC 70 77)
SQRT( 8 8)
SQRTC 9» 9)
SGRTCLI0,10)
SART(11,11)
SairT(12:12)
SQRT(13+,13)
SART(1414)
SGRT(15»15)
SCGRT(160186)
SCRTI{1I7017)
SGRT(1a218)
SGRTI19,19)
SCRT(20+20)
SGRT(21.21)
SGRT(22022)

L T T T U T T T S O PN RN RO H

6. 364751E 01
9.5373174E 01
3.908551E 03

1.4035776-01
2.0062850E~01
4.009737£ 00
6.170204E-02
Oeti63272E=02
6.034553E£~02

0

0
3.012862E 00
1.011745E 01
5.3883483E 02
8+ 7U40513E~03
2¢136194E£~03
8.5565%1E~01
1.060000E=-01
1.000000E-01
1.000000E~01

0

0

22

Total

SGRTC 1
SGRT 29
SGRTC 3

3
2)
3)

SuRT( 4» 4)
SERT(O 5S¢ 5)
SURTO &9 6)
SORTC 70 7)
SGRTC 8¢ 8)
SQRTC 9, 9)
SGRT(10+10)
SaRT(11.11)
SERT(12,12)
SERT(13,13)
SORT(1i01y)
SGRT(15,15)
SURT(L6e16)
SGRT(17.17)
SGRT1I/.18)
SGRT(19+¢19)
SURT(Z20¢20)
SERT(21021)
SART(22022)

T I S I I I O O A R O O T O A PO A TR AR A R

5.216777€ 01
2.871122€E 02
3.885576E 03

1.908045E-01

2910151E--01
D.b2RT72U4E 00

1.543703£-01
1.651269E-01
1.6243445E£-01

0

0
7.405058E 01
4.,914773E 01
U.B22602E 03
4.191678E-02
4 HHAKR9T2E=02
3.6809006 00

S COoOO



- 5QRT(12

Filter

SERTC 19 1)
SGRTO 2, 2)
SGRTO 2 3)
SURTO 4y y4)
SART( 5, 5)
SERTO 60 6)
SGRTC 70 7)
SERT(C 8y 8)
SCRT( 9y 9)
SQRT(10010)
SORT(11,11)
SCRT(12012)
SERT(13913)
SGRT(14,14)
SURT(15,15)
SURT (1 6rlo)
SURT(17+17)
SQRT(12,18)
SSRT(19,19)
SGRT(20920)
SuRT(21,21)
SCRT(22422)

Total LEM Uncertaintie_s at Time

Filter

SARTCO 10 1)
SGRT(O 20 2)
SARTC 3» 3)
SGRT( 4y 4)
SART( 5, 5)
SUGRT(O 6r 6)
SARTC 79 7)
SGRT( 8, 8)
SQRT(O 9y 9)
SQRT(10010)
SORT(11.11)
r12)
SART(13+13)
SGRT(1ye1h)
SART(15915)
SGRT(16r10)
SGRTL7:17)
SCRT(18.18)
SoRT(12419)
SGRT(20¢20)
SeRT(21r21)
SERT(22,22)

R I I R I I T T TR T T E R L1 I TR TR I N Y T AT

L I T C R T PR PO T IR TR T AR T IR TR TR T oy tuonu

Uncertainties

400402 02
C.F92022F 01
G375835 03
3!121616& Ol
132344201
3.2483554F 00
0

0

0

0

0

3.012R62E 00
1.011745F 01
3.383483F 02
8.74N513E-03
2+1361G4E=03

84556591E-01

0

0
0
0
0

4, Q04UL2E 02
8.822022E 01
J837583E 03
7 157577501
5¢17218%E-01
34286807 00
0

0

0

0

0

3.012862E 00
1.011745€ 01
3.38348ZF 02
3740512603
2+136194£~03
«5555918-01

0

0
0
0
0

23

SGRTC 10 1)
SORTC 2, 2)
SGRT(C 3y 3)
SGRTO 4y y)
SGRT( 5, 5)

SEGRTC 7, 7)
SGRT( 1, 8)
SARTL 9, 9)
SART(10010)
SCRT(11,11)
SERT(12,12)
SERT(12,13)
SERT(14+14)
SART(15,15)

SGRT(16,16)
S5GRT(17+17)
SGRT(15+,18)
SQRT(19,19)
SQRT(20+20)
SGRT(21.21)
SART(22,22)

;Fotal

SGRTO 60 6)

Total

SGRT(C 1+ 1)
SQRTCO 2, 2)
SGRTC 3, 3)
SART( 4y 4)
SUGRT( 59 5)
SART(C & o)
SGRTC 79 7)
SARTC ar &)
SURT( 9, 9)
SGRT(10r,10)
SERT(11,11)
SQRT(12,12)
SCRT(13,13)
SORT(140,14)
SERT(15,15)
SERT(1/216)
SURT(17¢17)
SGRT(IR18)
SURT(19519)
SGRT(20+20)
SORT(21+21)
SGRT(22922)

Hunuuniunuongn I T O T VI T IR VI TR TR Y

L T O P T T I T N YRR TR T oot ion o

Project LEM Results to TPI (t=100. 08 min) Without Adding Fourth Boost

5.015933F 02

1.057290E 02
7.797981E 03

5¢323630E-01
1.382492¢-01
3+19319GE 00
1.543703E-01
1.651269F-01
1.624443E-01

0

0
7.405056F 01
4.914773E 01
4.822602E 03
4.,191678E=-02

4+586972E-02
3830909 00

COCOoOO

of Completing TPI Boost (Epoch = 100, 08 min)

5.015933F 02
1.057290E 02
7.797S81E 03
7+303405£-01
S«187609E-01
3.232108E 00
1.543703FE=01
1651269 ~01
1.624443F=01

0

0
7.405058F 01
4.914773F 01
h.822602E 03
441916785 =02
L. 584972F<02
S E8B090%E 00

oo Cco




Add MSFN Batch to LEM for First 30 Min, after TPI (Epoch = TPI = 100, 08 min)

Filter

SGRTU 1.
SCGRT( 2,
SQRT( 3,
SART 1y y)
SURTO 5, 8)
SURT( 5 6)
SUGRTC 7 7))
SGRTO 8¢ 8)
SarT{ 29 9)
SGRT(10r10)
SGRT(11,11)
SURT(12,12)
SURT(13,13)
SORT(1uerly)
SURT(15,15)
SART(16r16)
SGRT(17+17)
SGRT(13+¢18)
SCRT(1919)
SQRT(2020)
SART(210,21)

SQRT(Z22r22)

Ol DY =
~ e

L N T O IR O TR SN TR F AR TR TN ] PO non

5.7372728 01
'+« 7TO3S79E 01
27031665 03
1.0712272-01
2.060757E~02
20893228 00
5+3595R2E~02
5¢252258E=02
5¢255826E=02

0

0
34012862 00
1.0117458 01
3+3384B3E 02
&+ 740513E~03
2.136104E-03
845565916~01
1.000000E~01
1.000000E=-01
1.000000E-01

0

0

Total

V)

SERTO 1 1)
SGRTU 2. 2)
SGRTC 3 3)
SGRTCO 4y y)
SGRTC 5, 8)
SART( 6¢ &)
SGRTC 70 7))
SARTC 8» &)
SGRT( 9, Q)
SQRT(10,10)
SGRT(11.,11)
SCRT(12r12)
SGRT(13913)
SGRT(14,14)
SGRT(15015)
SGRT(160r10)
SGRT(17+17)
SuRT(13+18)
SGRT(19/,19)
SArRT(20020)
SQRT(21r21)
SuRT(22+22)

L L I I A P T T T R TR N TR S T IR T I T T

Project CSM from t = 0 to Rendezvous (t=150, 0 min)
(no printout requested)

1.495817E 02
1.221333E 02

6+.195330E 03

2.022741E-01

4.612555E-02

2+ 785086E 00
1.186327E-01
1.732238E-01
1.850091E-01

0

0
7.4050568F 01
4.314773E 01
48226028 03
4.121678E~02
4.D586972E~02
3.68090%E 00

0

0
0
0
0

Project LEM from TPI (with MSFN Data for next 30 Min) to Rendezvous

Filter B

SQRT( 1, 1)
SARTC 2» 2)
SGRT( 3, 3)
SARTO 49 4)
S5GRT( 5 H)
SQRT( 6» 6)
SARTC 7 7))
SORT( &» 8)
SGRT( 9, 9)
SQRT{(10.,10)
SGRT(11,11)
SERT(12,12)
SCERT{13+13)
SUGRT(1u»1y)
SERT(15,15)
CSERT 1A 16)
SART(L7.17)
SeRT18,18)
5GRT(19,19)
SeRT{2Gr20)
SGRT(21921)
SURT(22122)

R O O A T A I I A T I P TR S T T T I TR IR T D]

1.377675E 02
5.334535E 01
3.182490E 03
1.2874Q4E-01
5.893253E~02
1.570710E 00
5,359539E=-02
5.252258E=02
5.255826E-02
0
0
4,344123E 00
2+882309 01
Q4296278 O
2¢325922F=-02
369302255 ~03
4+« H59RVEE~01
1.000000e=01
1.,000000E-01
1.600000E-01
0
0

24

SQRT( 10 1)
SQRTC 2, 2)
SGRT( 3¢ 3)
SART( 4 4)
SGRT(C 5 5)
SQRT( 69 6)
SARTC 7» 7)
SGRT( 8» 8)
SGRT( Q» 9)
SGRT(10010)
SERT(11,11)
SaRT(12012)
SGRT(13013)
SERT (L4 1l)
SART(15015)
SCRT(16010)
SGRT(17017)
SGRT(150,18)
SaRT(19,19)
SQRT(2020)
SAQRT(21,21)
SURT(22,22)

O T O O O O O T R O A NS R O O O E R Y A I B

1.945842E 02
1.309018E 02
O HHTUHR28E 03
1.627930L=-01
6HeHBH219E-02
2.366019E 00
1,186927E-01
1,732298-01
1.850091E£~01

0

0
5.976235E 01
1.523851E 02
449164518 G2
1.,1399936-01
5.7710R0E-02
3.801725E 00

0

0
0
0
-0



Now go back to last batch where 30 minutes of MSFN data was added
with Epoch at TPI (100, 08 min) (See top of pg. 24)

Batch LEM Further with Intervehicle Data; Epoch still at 100, 08 Min,
For LEM and at 0, 0 Min., for CSM

SERTC 19 1)
SEGRTC 20 2)
SGRTC 3y 3)
SARTCO 44 4)
SERT( 5 B)
SGRT( 6 6)
SCRT( 74 7)
SGRT( g» 8)
SERT( 9, 9)
SGRT(10+10)
SERT(11,11)
SERT(i2+12)
SCRT(13,13)
SERT(14,14)
SGRT(15,15)
SGRT(16016)
SERT(17+,17)
SGRT(13/+18)
SGRT(12,19)
SERT(20020)
SGRT(21¢21)
SART(22,22)

Project CSM,

Filter

SGRT( 1, 1)
SQRT( 2, 2)
SGRTC 3, 3)
SERTO 4y 4)
SOGRT( 5, 5)
SGRT( 69 6)
SARTC 70 7))
SQRT( 8+ 3)
SGRT( 9, 9)
SGRT(10,10)
SORT(11s11)
SGRT(L2,12)
SART(13+13)
SGRT(14014)
SERT(15915)
SGRTI161r16)
SQRTL7:17)
SGRT(La,18)
SERT19,19)
SART(20:20)
SCRT(21,21)
SGRT(22+22)

oo unnnnuu o neonon

20306098E 01
2.2614T78E 01
43456518 01
SeQ24797FE~02
1.3830985E~02
5.224855E=-02

oOCoOo o

3.012862E 00
1.011745F 01
3¢ 3B8URZE 02
8474051303
2¢1361CUE~Q3
£+556521E~01

(e B e on B o Y wo}

SWRTO 1 1)
SCRTC 29 2)
SGRT(O 3¢ 3)
SCRTC 4y 4)
SGRT(O 59 5)
SURT( 8¢ 6)
SQRTC 7 7)
SARTC By §)
SGRT( 9, 9)
SGRT(LD,10)
SGRT(11,11)
SuRT(12+12)

SGRT(13,13)

SEGRT(14,1y4)
SURT(15015)
SGrRT(16916)
SORT(17+17)
SeRT(16018)
SGRT(19+19)
SGRT(20+20)
SGRT(21r,21)
SGRT(22,22)

L I N I T R T T I N TN TR TR VIR T IR N

1.534R%6KE 02
1576795 02
4.701757€ 03
3.206276E~01
5.415269C=-02
4.113997E 00
' 0

0

0

0

0

7.405058E 01
4, 214773E 01
4.822602E 03
4.191678E=02
4.586972E~02
3.830909E 00

SO OoOOoCOo

again, from t = 0 to Rendezvous with LEM Left at TPI

~—
-
-
—
—
-
—
—~
—
-—
—
—
-
.
-~

As Above

2.306098F 01
2+204478E 01
H+345651F 01

- 34924797E=02

1.383098E-02
5.924855E-02
0

0
0
0

-0
43404123F 00
2.882309E 01
F49962TE 02
2e3525922F~02
3:230225E~03
4eH5H9898F~01

Cocooco

25

Total

SGRTC 1+ 1)
SURT( 2, 2)
SERTO 3¢ 3)
SERTO 4 4)
SeRT( 5 5)
SCRTC 6 6)
SERTC 70 7))
SCRTC 8, 3)
SGRTC 9, 9)
SCRT(10010)
SCRT(11s11)
SQRT(12912)
SGRT(13,13)
SERT(14914)
SERT(15.15)
SORT(18016)
SErRT(17,17)

[aFATe) PO IS
J'\:;:\T(l{)' RSW)

SORT(19,19)
SORT(20:20)
SORT(21+,21)
SGRT(22,22)

R T A O O I O P L T I T T TN TR Y IR IR TR 1IN ] N

1.554856E 02
1.576795E 02
4.701757E 03
34266276E-01
H.415269E~02
4.113997€ 00

0

0

0

0

0
5.976235E 01
1.523851E 02
4.91A451E 03
1.189993EC~-01
5. 77T10R0E=(02
3.601725E 00

cCoooo




Project LEM from TPI to Rendezvous (Including Intervehicle Data)

Filter

CSERTC 1 1)
SQART( 2» 2)
SQRT( 3, 3)
SQRT( 4, 4)
SAORT( S» 5)
SQRT( 69 6)
SQRTC 7¢ 7)
SGRT( 8» 8)
SQRT( 9y 9)
SQRT(100,10)
SQRT(11,11)
SQRT(12,12)
SORT(13¢13)
SCGRT(14u,14)
SQRT{15+15)
SQRT(156916)
SART(17+17)
SQRT(150183)
SART(19,19)
SGRT(Z20020)
SQRT(21,21)
SGRT(22,22)

LI A A I T I N T T R R T T T T T TR I IR I 1]

5.6U49828E 01
3.937807E 01
7.100476E 01
6©.019670E-02
2+752250F-02
SeH697557E~02

0

0

0

0

0
443441235 00
248823098 01
9.4996278 02
2+325922E~02
3930225E-03
44559898E£-~01

oo oo

Total

SART(C 1+ 1)
SGRT(C 29 2)
SART( 3» 3)
SORT( 4y 4)
SART( 59 8)
SART( 69 &)
SAQRTC 7, 7)
SARTC 8¢ 8)
SART(C 9, 9)
SART(100,10)
SGRT(11,11)
SURT(12912)
SGRT(13,13)
SGRT(14014)
SERT(15»15)
SAURT(16e16)
SART(17+17)
SaRT(18,18)
SGRT(19,19)
SGRT(20,20)
SUrRT(Z1,21)
SURT(22,22)

The following page shows a summary printout, In

each pair of lines, the first line refers to the LEM

while the second line refers to the CSM.,
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4.894111E 03
2.597811E-01
1.565298E-01
3+958558E 00

0

0
0
0
0
5.975235E 01
14523851 02
4e916451F 03
1.139993E-01

5.7710R0E-02
3.801725E 00
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The Bissett-Berman Corporation 2941 Nebraska Avenue, Santa Monica, California EXbrook 4-3270

APOLLO NOTE NO, 489

L, Lustick
(BBC Task 203) G. Hempstead

CHECKOUT OF LANDMARKS
AND
STAR SIGHTINGS PROGRAM
Purpose
The purpose of this note is to show the manner in which the land-
mark, and star sighting programs were checked out and to indicate

how to generate the landmarkand star sightings information matrices,

Introduction

The analysis for the star sighting and landmark measurables is
shown in Note 484, Program C has been modified such that is generates

information matrices for the following conditions:

1. Intervehicle (as before)

a. Range
b, Range-Rate

c. Az, El. angles,
2. Landmark sightings on central body
a. Az, El, angles

3. Angle between horizon of central body and a star
(minimum angle), o

A part C data sheet will run one of the three tracking situations men-
tioned above, The tracking condition is controlled by the Card 26 input

as described on the modified Part C data sheet shown in Figure 1,

Platform rate parameters (described in Note 486) are available
for both intervehicle and landmark measurables. As shown on Figure
1 these rate parameters are in columns 22, 23, and 24, The star
sighting measurable has no platform angles partials or platform rate

partials.




Columns 8, 9, and 10 are the platform orientation parameters

for both intervehicle and landmark sightings.

Columns 16, 17 and 18 are partials of the measurables with
respect to Up, East and North errors in the landmark and latitude,
longitude and horizon altitude for the star sightings.

Figure 1 is an input data sheet for either intervehicle measure-
ments, landmarks, or star sightings. The table below indicates the

inputs that are not required for each of the measurements,

INTERVEH LANDMARKS STAR SIGHTINGS
v 04 v 04 v 11
Y 05 Y 05 20
y 11 - 13 21

13 v 18 25
V18 . V19 33
v 19 20 34

33 21 41

34 33 42

50 34 43

51 41 , 44

52 42 45

53 43 46

54 44 48

45 49
46 50
48 51
53
54

If Q matrices are to be generated in this program and used in the
December 10th program or modi%ications of it and it is desired to have
the in-plane and out-of-plane miss for the ''fixed radius' results mean-
ingful, the following rules regarding the checked inputs should be fol-
lowed. If one is not interested in the fixed radius results then the checked

inputs as well as the others indicated do not have to be filled in.
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Check Out of Landmarks and Star Sightings

' The first thing that was checked was that the alterations made to
the Part C program did not alter the intervehicle type results. This

check is not shown in this report,

The landmark sightings were checked out by checking the inter-
vehicle sightings against the landmark sighting for a problem in which
they both should give the same answer. The input data sheet for the
intervehicle run is shown in Figure 2. The landmark input data sheet

is the same except for the type run indicator (Card 26).

The partial derivatives with respect to all parameters are shown

for both the landmarks and the intervehicle in Figure 3,

The only difference between the landmarks and the intervehicles results
are in the sign of parameters 17 and 18 and this is as it should be since
the perturbations in these parameters are in the opposite direction in the

intervehicle than in the landmark,

The star sightings were checked out by setting up a run in which
the star was in the plane of the vehicle orbit and checking the partial

derivatives against the simple analytical results for this case.

The input data sheet for the star sighting is shown in Figure 4 and
the partial derivatives of the measurable with respect to all parameters

is shown in Figure 5,
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INPUTS - DATA

6.33R4405E
3.,1365883E~
5.2266347E
1,0000000€
1,8000000¢

1,7800000E
2,000000NE

5,7030000F
1,7313945E
1,0000000g
1.1100000E
1,5000000€

1,0C00000E
i1,n000000E
1,00n0000E

1,0000000E
1,0000000k

1.0000000E
1,0000000E-
1.n000000€
1.0000000E
5.7030000E

5.5100000¢
1,R0N0000E
2,10n0000¢

1,0000000E
1,0000000E

=2,10n0000€
'5,7030000E

Figure 2

SET

06
01
03
00
01
-0
02
01
-0
06
14
01
01
01
-0
0o
gn
00
-0
0o
0o
-0
01
01
00
00
06
03
-0
02
01
01
01
=0
-0
N1
0e

CAl-y

Ad-1

_AS-1
GAMID
BETA

XI-1

ZETA-1
OMEGA
RHO

MU

TIME

TIME

LT SLP
LO SLP

RR IND
R IND

8 IND

QF IND
Al IND
A2 IND
RUNTYP
T INIT
T INCR
FM IND
VISIND

Al1-2

A4-2
AS-2
XI-2
ETA-2
ZETA-2
TORB=-1
TORR-?
T PSET
LD LAT
LD LON
LD RaD
ST LAT
ST LON

CETA-Y
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90-d4¢68818° T : 90=-38688Tg T~ 9¢-3406%906%°¢ . YyU=350696¢°¢=-
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DN U S N

-
-

13
15
16
1¢
18
19
20

21

22
23
24
25
2¢€

27

28
33
34
41
42
43
44
45
46
47
48
49
50
51
52
53

54

INPUTS - DATA

6,3384405E
3.1345883%
5.2266347¢
1,00000060F
1,80N0000F

1.,8000000¢
2,0000000F

5.,7030000E
1,7313945¢
1.,0000000¢
1,01n0000¢

1,0000000E
1,0000000¢
1,0000000F

1.n000000E
1,0000000E
~1.0000000F
1,0000C00F
1,0000000E
1,0000000F
1,0000000F
5,7030000E

5,5100000E

1,R000000E
2,1000000F
1,00n0000F
1,0000000E

=2.1000600F
5,7030000E
=1,80N00000F
9.N0nQ000E

Figure 4

SET

06
N1
03
0o
01
-0
02
01
«0
06
14
01
01
-0
-0
09
00
00
-0
00
00
00
01
01
0o
00
06
-0
03
-0
02
01
01
01
-0
-0
01
06
01
01

Al-1
Ad-1
A5-1.
GAMID

BETA .

X1-1
ETA-1
ZETA-1
OMEGA
RHO

MU e

TIME
TIME

LT SLP

L8 SLP
RR IND
R IND
Q IND
QOF IND
Al IND
A2 IND
RUNTYP
T INIT
T INCR
FM IND
VISIND
Al=-2
Ad4-2
AS-2
X1-2
ETA~2
ZETA=-2
TORB-1
TORB-2
T PSET
LD LAT
LD LON
LD RAD
ST LAT

ST LON



Star Sighting Partials (Computer)

3,252702E-07
-1,577675€-07
=1,063337E-17
1.,156799E~14
6,840951E-14

0

~ 1,000000F 00
0

0

0

. . . - 0
«6,901204E-25
0

0

S 0
3,283751E-11
*9,510565F-01
-3.6151256-07

The analytical partials that are different than zero for this run are:

X2 o o¢ _ _ 1 3¢ _ 1.0
a A AZ 2 ’ aa’z Al aa'7
1 1~ %o
1
glf- = - cos (ST LAT) , L
217 9218 2. .2
1~ %o
Figure 5
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APOLLO NOTE NO, 490 H. Epstein
(RBC Task 105) 31 May 1

A PRIORI EDITING THRESHOLD FOR
DOPPLER MEASUREMENT DATA

It is desirable that simple editing procedures be employed for
the separation of '"good' doppler data from ''bad' doppler data, In
addition, these procedures should facilitate error classification. MSC
has made LLLO measurement data available to BBC for analysis. The
LLO data will be mostly comprised of data while in lunar orbit, supple-
mented by some translunar data. Data presently on hand consists of
high speed destruct and non~destruct data taken at 0.4 second sample
intervals and low speced non~destruct data taken at 6 second sample

intervals,

The present editing procedure tests the second difference of
raw measurement data. Two threshold levels are employed. The first
threshold level tests for doppler counts which are inconsistent with
crude trajectory information. This crude trajectory ihreshold level is
set according to whether the spacecraft data is lunar or translunar. The

second threshold is set to reject unlikely high frequency érror sources.

The true value of the distance from the spacecraft to the USH
station may be closely approximated by a low degrece polynomial for short
periods of time. A second difference editor is being used for either
destruct or non-destruct data. The time interval involved for the poly -
nomial must then correspond approximately to twice the measurernent ,
interval. A satisfactory representation for present purposes is as

follows:

oo e 3
. R t Rt
R =R =R +R t+ -+ -2 (1)
m o o )
where Rm = truc distance between the spacecraft and the USR
R = R {i} = polynomial approximnation

p [

[



eoo

. o %
and Ro’ Ro’ Ro’ and RO are true derivatives of the measurements.

Considering first the editing of non-destruct data, one can

show that;

2 2

Rp(t+T) - ZRp(t) I Rp(t-T) = ROT + ROT t (2)

where T = time interval between successive measurements.

Then,
oo 2
EG=R(T)-2R (0)+ R (-T)=R T 3
N = Ry(T) = 2R (0) + R (-T) = R (3)
where EN = non-destruct data editing threshold.

Destruct data represents a range change in each measurement

interval., Letting

TC TC
ARp(t) = Rp <t+ i RP 6:— > (4)

where Tc = destruct count interval,

Substituting Eq. (1) into Eq. (4), one can obtain

}:{o 2 Tc3
ARp(t) = RoTc + ROTCt o C[‘Ct + —~2—4—~> (5)
then
Bp= AR (4T) - 28R () + AR (¢-T) = R 712 (6)
where ED = destruct data editing threshold.

It is now only necessary to find upper bounds to RO and Ro

Py

<+

e

v

to determine this crude editing threshold level,

F
¢



The geometry involved is indicated in the figure below,

B’

where Rs = vector from the center of the earth to the USB station

—y

Rm = vector from the USB station to the spacecraft.

In the ESOI,
-
D =0
——
R = vector from the center of the carth to the spacecraft,

—2
D = vector from the center of th¢. earth to the center of
the moon.

-
R = vector from the center of the moon to the spacecraft.

From the figure,

R = D+R-R ' (7)
m S

then e

' R% = R - R - (8)
m m m X




Successive differentiation of Eq. (8) yields,

R R, = R_*R_ (9)
R_R +R’= R -R +R 'R . (10)
m m m m m m m
R_R +3R_R_= R *R_+3R - R (11)
m m m m m m m m
Letting

—e —_
R =R _1 (12)
m m m
= e
R =V (13)
m m
R = A (14)
m m
R = A (15)
m m

\ — e 2
V-V =V (16)
m m m

. —_— —3r
R =1 °'7V (17)
m m m
es == —= \];'rlz-Rri:]
R =1 A ¢ tm Tm (18)
m
R :1-A+»«,§~ ?}"XL~RR] (19a)
m m m Rm m m m - m
1A VT L 7 F ]
B lm Am'L R \I’l’l A Rm(l “m)J
m |
3R .
. _.m [VZ _RZ] (19b)
2 m m
R
m




Equations (18) and (19b) may be simplified if onec recognized that

bracketed quantities represent differences between total vectors and
—»

vectors along 1__,
m

—r —e i —e —~ —tm
v =<1m- Vm> 1+ 1mXQVmX1m> (20)
—m —— —a —om g i i
A=<1-A>1+1XA X 1 (21)
m m m m m m m
then one can write
—Ca e —i3o —
vi e <1mxv ) <1 va>
R =1 *A + & (22)
m
and
Pt B Ve e o |
m “m m _ﬁ; m Vm. 1mX m (23)
3R - .
- m XV XV ]
RZ m m m
m

The equations obtained to this point will now be approximated to

obtain simple upper bounds for the crude editing level,
Planning assumptions are as follows:

Restricted two-body solutions,
Cruise flight condition.

Lunar ephemeris is circular motion about
earth center,

From Eqs. (22) and (23),

. - Vri
R.m‘g Am!+ R (24)
‘ m
S | 3Vm l-—~=> ?)V2
< ) il . e
Rm ’ Am’ TR | Am 1 (25)

R



I. ILunar Phases

The bulk of the LLO doppler tracking data will be taken while
the spacecraft is in lunar orbit. The initial or crude editing threshold
will accommddate lunar cruise data prior to de-boost as well as the
cruise orbital data. Upper bounds will be given for station range rate,

range acceleration, and range acceleration rate for the station mea-

surements in the absence of measurement errors.

Necessary analytical expressions associated with Eqgs (24) and

(25) are as follows:

. . .
— — — —

V = D+R-R_ (26)
IRl < (Ve) moon (27)

where (Ve> moon = surface escape velocity for the moon.

— — —
RS = wEX Rs (28)
<
—L> —f —
- W
b= “yXD (30)
-z < _
15| < @ D (31)
Vm < (Ve)moon + wE RS + wM D (32)
A = D+ R - R. (33)
m s
—ran
R < 1 lunar surface.g (34)



—Ine —re i —— i N o —r e Z e
s wEX (wEX Rs) '<wE' Rs> CL)E h wE Rs (35)

X 2 .

’ s,\ wE Rs (36)

D - (5” -E’)ZS’ -0l B (37)
M M~ “M

I5l< w2 p (38)
M

A = D+R-R_ (39)

R = - e R (40)
R
R = .3_&2_ R - R (41)
R R
Letting
- W
g = (42)
R RZ
R 1 43
R = Rlp (43)
and ,
— —3 e

+V (44)

axd

L5, 2g
lli l < _RB— (Ve> moon (46)




- . wZE (af"x R (47)

S A% S
[R’;’]< - wi: R _ (48)
e 2
R,| -wlD (49)

Numerical results are indicated in the table below for the

upper bounds.

Table I, Lunar Limitations

Quantity Numerical Value
lff' 7750 ft/sec
_li:l 1530 ft/sec
D | | 3360 ft/sec
“"’| 12,640 ft/sec
m
l_ﬁ» I 5.31 ft/sec2
|R:I .lllf‘c/sec‘2
| D~ . 004 ft/sec?
|57 | 5.43 ft/sec’
m
v 2 )
-ﬁn—l .13 ft/sec
m
X4 ; 2
5.6 ft/sec
m
R .0144 ft/sec
lﬁz 8.1 %1070 ft/sec>
Dl 1078 f1/sec>
3V N .
—M%l m_} 1.6 x lO"4 ft/sec3
“m
3 Vrr31 -6 3
5= 4 x 10 ~ ft/sec
R
m
LS 3
.015 ft/sec




The primary limitation in this case is associated with the spacecraft

motion about the moon.

II. Translunar Phases

Midcourse corrections were performed between about 20 and
40 hours after translunar injection on Orbiters I, IT, II1, and IV.
Corresponding earth~to-spacecraft distances vary from about 25 to
40 e.s. Numerical results will be given for earth-to-spacecraft
distances greater than 25 e.r. For this case, D and its derivates
are neglected. The analytical expressions indicated for the lunar
phase may be used to arrive at the desired results. The numerical

results are indicated below.

Table II. Translunar Limitations

Quantity Numerical Value
| & | , 7340 ft/sec
l_{z I 1530 ft/sec
|V 8870 ft/sec
m
P 2
R .0515 ft/sec
I—{—Zl . 111 ft/sec?
A I . 163 ft/sec:2
m
Vni 2
R .15 ft/sec
m
2
R .32 ft/sec
m
R | 1.45 x 10 =~ ft/scc
Iﬁ; 8.1 x 10-‘6 ff:/sec3
3v_|A |
——-——@—,———-@3 : 1072 ft/sec3
R
m
3
2V _
v -5
— gn 10 ft/sec3
R
m
=y 3 x 10»5 ft/sec3
m p—




(X

It may be noted that the values of R, and Rm associated with

the translunar phase are very small as compared to the corresponding

values for the lunar phase.

III. A Priori Threshold Count for Non~destruct
Doppler Data Editing '

This a priori threshold level is set in terms of the maximum
count level associated with the second difference of continuous count
doppler data, This counter indicates one count for cach wavelength
change in the two-way (or three-way) range between spacecraft and
the USB station. The associated number of counts in the non-destruct
mode (NN) is then given using Eq. (3) as follows:

2R >

_E— B m 2~ X}
Ny = yEys —= T~ 4.6R_T . (50)

Using the numerical values indicated in the previous section,
2
NN~ 25T" (lunar phases) (51)
NN"’ 1.5 T'2 (translunar phases) (52)

Recalling that T is the time interval between successive

samples the following tables may be obtained using Eqs. (51) and
(52):
Table III. A Priori Threshold Levels (non~destruct doppler data)

T NN (counts)

Sec 1 Translunar - Lunar
.1 ——— .25
.2 - 1
.4 4 4

1.0 1.5 25

6 54 900

10 150 2,500

30 1350 22,500
60 5400 90, 000




Quantization errors would constitute second difference read-
ings bounded by + 2 counts. The use of rubidium atomic standards
at USB stations insure that the standard deviation of the frequency
standard high frequency noise will not exceed the quantization noise
for sample intervals indicated in Table III. An a priori threshold
level of 100 counts is being used for data presently under going analysis,
This data is 0.4 second lunar data and six (6) second translunar data.
The a priori threshold is greater than required to insure that the pres-
ence of crystal oscillators rather than the desired atomic oscillators
can be discerned in the data, The majority of the USB data is expected
to be taken at sample intervals no less frequent than one (1) every six
seconds. A 100 or 1,000 count threshold could then be used

for most non-destruct doppler data taken on the LLLO spacecraft.

Iv. A Priori Threshold Count for Destruct
Doppler Data Editing

Some destruct count data has been submitted by MSC to BBC
for analysis. This data was taken at a sample rate of 2.5 samples per
second during lunar phases. Therefore, it is desirable that approp-
riate threshold levels be indicated for destruct data. The counter
readings in the destruct doppler mode represent the time interval for
a fixed number of cycles of doppler plus bias frequency. This time
interval is indicated in units of 0,01 pseconds., Either the time for
77,854 cycles (N1 mode) or 778, 540 cycles (NZ mode) may be indicated.
Count time intervals (T.) of approximately 0.08 and 0.8 seconds are
associated with the N1 and N2 modes, respectively. The noise free
threshold levels will be indicated first. The expressions will be written
as though two-way doppler was the measurable. A priori threshold
levels for both three-way doppler and two~-way doppler are both con-

sidered the same at this time. For this case, one can write

N 2 {5R)
g - fB - ;\TJ_ (53a)

11



or

. 2
N-fB fc: TﬁR (53Db)
where
N = either N1 or N2
£, = bi = 10°
g = Pbias frequency = 10 Hz
2 :
~ = 4.6 cycles/it
6 R = change in range (ft)

The second difference of Eq. (53b) yields:

AT = 2 £ (sR) (54)
e fB)\

Since TC is given in units of 10"8 seconds, the a priori editing

\

level for the destruct mode (ND) using Eq. (6) is given by

8

2 % 108 - 2, ’ }

Np = e (R T T%)= 460 T_R_ T (55a)
>

ND ~ 36.8 an T (N1 mode) (55b)

ND ~ 368 Rm T2 (N2 mode) (55¢)

The following table may be made using the upper bounds for

an indicated earlier.

12



2.0

55
500
2,000

N1 Mode

JTunazr

ND(counts)

T T r -
I\Z Mode

- s

.88
5.5
200
550
5,000
20, 000

!?

Translunar

N1 Mode

TITLTLL N T ST R AT R A I

Table IV, A Priori Threshold Levels {Destruct Mode)

Present destruct count data under going analysis here was taken

in the N1 mode with T = 0,4 seconds. As a consequence, the data is

detrended by editing and a priori threshold levels need to only accommodate

the high frequency noise.

with

and

ATCX 108 = 2x 10"

)\fB

AT x 108:
c

Using Eq. (53b), one can obtain

8

(8R), = .08 1t (1 o) from ANWG-1.2.

§R = 460 (5 R)ft = 36. 8

number of counts of 100 mcps frequency

(56)

The numerical value of Eq. (56) is 2 1 o uncertainty with atomic

frequency standards employed.

increase this value considerably.

The use of crystal standards could

The a priori threshold level has

been selected to be of at Jeast a 10 o value of the high frcquency noise,

The actual high frequency noise levels indicated by data already analyzed




is about a factor of three or four lower than ANWG specifications. As
a consequence, a priori thresholds of about 100 or 200 counts should

be appropriate for high speed destruct data,

14



The Bissett-Berman Corporation 2941 Nebraska Avenue, Santa Monica, California EXbrook 4-3270

APOLLO NOTE NO, 492 C. H., Dale, Jr.
(BBC Task 204) 22 June 1967

TRACKING THE LM AND CSM FROM TAKE-OFF
TO RENDEZVOUS WITH SIMILAR BA TCHING

The purpose of this note is to report a modified running of the
case described in Apollo Note No. 488, wherein the single CSM MSFN
batch included all data between the first CSM appearance prior to LM
take-off and the point of the terminal phase initiation. In this new
case both LM and CSM are batched with MSFN data during the old
LM batch intervals up to and including the last 30 minutes after the
LM TPI burn. The filter assumptions regarding CSM boosts (at the
times of the LM boosts) are the same as the LM, Of course there
are no real CSM boost uncertainties since no boosts occur. The
object of all this is to significantly reduce the total relative state
uncertainty by making the LM and CSM covariance contributions
from the non-estimated parameters sufficiently alike. The following

sketch shows the two runs diagramatically.

LM ,
ASCENT ] LUNAR oteid,
cuT = ofF BooT BeosT B00HT
BATCH | BATCH 2 3 4
NEW + i $ ——
croe S LM LM LM LM
X T T o
s cosWN csi S
' <
4
N Lo renzle E
Y
N _ Q
%
<
OLLD - '
AFoL I — LM MSENOATA
NTE MM T
Yay 4 BrTCH | ' BATLE 2 P
SR | L i
ChSE _ SMELE CsM BATCH USINE ALL DATA (MsEN) a XN ! é
4 T B i P A :
F B | ;__._? Pk e :
yemal e ‘
4 o5h
- % L i 1 n ' 4 \
) ! i i i ‘ .
=32 12,784 3L.0e 8T as,py \t0.0y 33D wE

|
o \
TIME (M) FROM LM ASCEUT  CUT-OFF



Thus the Note 491 case has some early CSM tracking and

lacks some later tracking as opposed to the present case. Both

cases present results with and without intervehicle tracking during

the first 30 minutes after TPI,

In both cases the filter-assumed and true vehicle ephemeris

uncertainties are described at LM ascent cut-off. However, they

are different:

NOTE 491 CASE

LM Filter State Variances:

1 x 108 ft:Z each axis

4x 10° ftZ/secz each axis
CSM Filter State Variances:

2.5 % 10"

1 x 102 ftz/sec2 each axis
LM True State Variances:

2.5 % 107

1x 10° ftz/sec2 each axis
CSM True State Variances:

2.5 x 107 ft2 each axis

1 x 10% ftz/sec2 each axis

ft:Z each axis

ft2 each axis

NEW CASE

LM Filter, LM True,
CSM Filter, CSM True
State Variances are all
equal:
7 .2 .
2.5x 10" ft~ each axis
1 x 102 ft't‘?'/sec2 each axis

Now the logic for changing these assumptions is based upon

the desire, first to make the CSM and LM filters as identical as

possible, and second to make the filter apriori assumptions equal

the real-world assumptions since this has proved to be fairly opti-

mum in past investigations,

Though the results of this case should not be considered as

any sort of final proof, they do not indicate any great ifnprovement due

to implementing equal filters for the CSM and LM, Part of the improve-

(and smaller) state uncer-

tainties, It also seems apparent that the single batch encompassing

the entire orbit and a half of CSM data used in Note 491 is non-optimum,




as shown by the relatively large velocity error near rendezvous.
A future run will be made in which the tracking is the same as this
case, but no pseudo-biases are estimated. This will be done to
keep the nuisance parameter errors in their place rather than to
absorb them in bias estimates which are thrown away for each
batch. Itis hoped that the relative covariance will then reflect the

cancelling of nuisance parameter effects.

This still may not prove worthwhile due to a large dependence
upon apriori estimates which are assumed to be uncorrelated bet-

ween the LM and CSM, Itis nevertheless worth a try.

The following figures show:

Figure 1 - A comparison between this case and the

case reported in Apollo Note 491,

Figure 2 - Total and in-plane position uncertainties

for the LM and CSM for equal batching,

Figure 3 - Total and in-plane velocity uncertainties
~ for the LM and CSM.
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The Bissett-Berman Corporation 2941 Nebraska Avenue, Santa Monica, California EXbrook 4-3270

APOLLO NOTE NO. 493 D. Matta
(BBC Task 106) _ 28 June 1967

FAST FOURIER TRANSFORM

We require the computation of the discrete Fourier transform

of the N points Ak, k=20, 1,23, *, N-1. This transform Bj is
defined by:

N-1

— )

- 2 jk
Bj = Akw (1)
=0 _
where 2mi
W= e N

Here j assumes values from 0 to N-1. We sece that for each value of
j , the computatmn of BJ requires the evaluation of an (N- 1) th order
polynomial in w and hence requires (N-1) comples multiply-adds in
addition to a comples exponentiation to obtain wJ The entire B.

array then requires N (N 1) complex multiply-adds plus N complex

exponentiations.

For N of the order of 103 these computations would require
over a minute of machine time. For N of the order of 104 the time

required makes the computation infeasible,

Let us suppose that N is highly composite and has the form:
N = N1 x N x N3 X+ X Nn' Express k and j in a mixed radix sys-

tem with radlces Nl’ N2 T, Nn such that k has the form:

k:knLn+kn_ Ln + ***+ k, Lo+ k, L (2)




*** , n and ka assumes

where L, = 1, L.
@

1 Ya-1) " Na-1)) @ = 25
values 0, 1, 2, ++- , (Na—l)' And j has the form:

J=ig My 4 5 M e 4 M

n-1 M1 i M, (3)

2

. N( M‘?\a:-- 2, ***, nandJ assumes
N =

where M, = 1, M _
-1). We will denote the right hand side of

17 0 My =M
values 0,1, 2, *--, (N(n-arl-l)
(2) by the néFuple (knkn-l kz 1)L and any n-tuple enclosed in brackets
subscripted by L will have this meaning i. e., indicate a number in the
mixed radix system associated with k., A subscript M will indicate a num-
ber in the mixed radix system associated with j» (right half of equation (3)).

We now re-write equation (1) utilizing the expressions for k and .

ZAka'k - z S e S A(knkn-l.”kzkl)]_,wj(kn“. k)

(4)

Now
. ik_eeek.) j[kL +°° +k,L +kL:|
kazw n 1L=w n n 272 171

jk, L jk, L
= W n o W .--'w Zz'w 11

Let us consider the 15¢ term in the above product and utilize the representation

for j:
3 ° 1 k
ka-.Lu [JnMLL+J‘1-1M11-1 + JZMZ + JIMIJ Ln"Z
= W
ML jk n-15dn 1k My Lpiiky,



Noting the definitions for Ma and Ln we see that each of MnLn

M o L-1 M, L, is divisible. by N and hence

k L

jk_L -

j
w nn___wl

since

In general MaLﬁ will be divisible by Nif o+ g > n+ 1 and therefore

jk L M

R iy Myt My 4§ M) Lok
_w ,

1 7pB

M L_j k M L _j k M L j.k
= w PP nprlp | Vneptpdnptp o MiTgdikp

Using this information equation(4) become s:

. veu s k : eee F 3
GMy, + 0§y ML K, Gpa Myt 3 MLk,
B(. n e 3230) = w w
In"n-1 201"m - ”
1 2

lenkn
Z Ak e kok). @

k nn-1"" "271'L
n »

There are N values in the B array to be computed each uniquely identi-
fied by an n-tuple (jn te jl). Each summation must be recomputed
not for every B but only for each new set of ja which are involved in

that summation.



For computational purposes we will think of the set of values A

k’
k=1, *°* , N as an n-dimensional array with dimension
Nn X Nn-l x Nn-Z Xt X NZ x N1
(which are the factors of N). Each value Ak is then located in the
(kn, kn-l’ e, kZ’kI) entry in this array where k = (knkn—l e kal)L'
We now define intermediate result arrays
jankn

AplipRp Ky k) = Al kp g s k@
K
n

and in general:

ATy ik s D A G R gy
kn-'lJrl

w[JzMz LRI PR T B S

We note that all of these arrays have the same dimensions as the original A
array. And, therefore, each array requires the computation of N entries,
The final array Ak(jl’jz’ e, jn) will contain the value for

B,. . ..... .
(Jn‘]n-l JZ‘]I)M' That is,

B, = B(O . O)M will be in the cell A(O, 0, «-, 0),

B, = B

ey

{0 - I)M will be in the cell A(1 0, *, 0) etc,
2 ] 2




For economy of storage area the intermediate result arrays may occupy
the same area, Let us consider how the A1 array is obtained from the
A array: To obtain the value for the Al(O,kn_l, eee, kl) entry, we require

the elements:

n_l, llo’ 1’

from the A array. To compute the values for the entries Al(a, kn-l’ e,k

a=1,2, °°°, Nn-l these same elements from the A array are required.

1)

We can first extract these Nn elements from the original A array, place

them in a temporary location, and compute the Nn new values for the A.1

array and place these in the vacated cells in the original array. Compute
the new elements in sets of Nn until all N are computed. This same pro-
cedure is used to obtain each successive Az array in the space occupied
by the original,

To obtain the A!Z+1 array from the Af array N values must be
computed. Recalling the definition of A, and letting

. =w[31M1 oM, 4 J1+1Mz+1:’Ln-z

J
which can be represented as p = Po P 11+1 where

w[JlMl Foer 4 JzMz]Ln-z
Po

and

M L
Pl=w £+1 n-¢



We obtain:

N
n-{ k
3 3 e o @ 3 LN B 2 — 3 s0e 3 '.'k rk-l
BprUpdge = s dpep g ek = D Al R g R e
kn-£=1
c s . . th
Now each of the entries in A2+1 requires the evaluation of an Nn-z order

polynomial in p.  This requires (Nn-ﬁ -1) complex multiply-adds. Let

(there are then M

241 cycles

us define a cycle as afixed set of jl’ TN jl

each consisting of a block of LL elements). The parameter p 1 depends

n-{+1
only on the index (n-{) of the summation; p 0 however, must be computed

for each new cycle. The cost of obtaining p is then one complex multiply-
add for each entry in the array, p = p 1P o» One complex exponenﬁétion to get
Po for each new cycle excluding the zeroth cycle, and one complex exponenta-
tion to get p 1 for each new summation index. The cost of obtaining A

£2+1
from A, is then

{
N- {(Nn-l-l) +1 = N- Nn—l complex multi-adds
plus M“_1 complex exponentiations. The total cost of obtaining the final

array is therefore
N [Nn-l- Nn-l S S Nl] complex multiply adds plus
[M +M,+°""+ M ]= [1+N +N_ N e+ +N_ -N *** N,°N
1 2 n-1 n n n n 2

complex exponentiations,



A FORTRAN subroutine to perform this fast Fourier
transform has been written, The subroutine name is FASTF and the

calling statement is CALL FASTF (A, NUM, L, NFAC) where:

(1) A isa complex single dimensional array
containing the data points to be trans-
formed. (The original data is real valued
and so each element in A will have its
imaginary part equal to zero,) A will

contain the transform upon exit.
(2) NUM is the number of data points,

(3) L is an integer array containing the factors
of NUM (decreasing order is optimum),
Each Li < 100,

(4) NFAC is the number of factors, i.e.

NUM=L

ay Tey 7 Knrac) ¢

and
NFAC <15, °

After computation is complete, the An array is unscrambled
utilizing a scratch tape (FORTRAN Tape No. 1) leaving the transform

array, B, in the space occupied by the original data.



SUBROUTL . FASTF (AriUMIsLeMFACT)
C A IS TilE ARKAY OF DATA FOINTS
AT EXIT THE TRANSFORM IS IN THE A AKRAY
NUMI IS THE HNUMBER OF PUINTS
L Is THE ARRAY OF FACTOKS
NFAC {S THE HNUMbER CF FACTOKS
DIMENSION ACL) (1)
TYPz COMPLEX WeAPR»ROPR12BrFrONL
DIMENSION Ru(2)eN(15)3(100)
EQUIVALEMCE (WeRwW)
DATA (P1226.2831853072) v (ONE=(14904))
DLMENSION JI(15)
EQUIVALENCE (JIC 1) ey ) (UIC 3) R )
EQUIVALENCE (JI( S)eRO ) (UIC 7) R )
EQUIVALENCE (JI( 9)»F ) (JUIC11)rFN )
)
)

OO0

EQUIVALENCE (JICL2) P THETA) » (JI(13) 0 INCEX
EQUIVALENCE (JI(14) v IND ) e (JI(1S) IS
NUM=MUMT
NFAC=NFACL
FN=NUM
THETAZPIZ2/Fin
R4(1)=COS(THETA)
R (Z2)=SLI(THETA)
N(1)=1
DO 10 I=z.nNFAC
10 NCI)=R(OI=-D)*L(I-1)
INDEX=NFAC
15 ISTART=1
LL=L (INDEX)
NH=NCINDEX)
ISLOCK=INN*LL
LLNNZIBLOCK=NN
NCYC=NUM/ IBLOCK
C FIND R1 FOR THIS INUEX
J2ENCYC* iy
R1=Ww®x%xJ2
DO 100 ICyC=1eNCYC
C Flinu RO FOR TrIS INGEX AND ICYC
IFCINDEX~FAC) 17¢l10016
16 RU=0NE
G0 To 25
17 K1=ICYC~]
KRO=§
JIZINDEX+]L
DO 20 InD=JLeNFAC
LInD=L{IND)
Ke=K1/L1Iviu
JJEK1-K2*LIND
Ki=K2
20 KRO=KRO*LINu+JJ
KROZKRO*,45y
RJIZw*k*kKKQ
25 IS=ISTART
DO 60 K=1rldiv
C FETCH LL ELcCMENTS STARTING AT A(IS) SEPARATED oY M



- e

C AND PoACE IN 5=ARRAY IN REVERSE ORD:R

30

Ke=I1S+hiid

J1I=LL

DO 20 I=ISrK2HN
B{J1)=A(1)
Jizdl-1

RZRO

C COMPUTE THE LL VALULS TG REPLACE THESE (BACK INTO A ARRAY)

OO0

4o
50
60
100

DO 50 I=1SrK2rhN
F=B(1)

D0 40 Jz=2».LL
FoF*R+83(J)

A(I)=F

R=E=R*¥R1

Is=is+1
ISTART=ISTARTH+IGLOCK
INDEX=1IinDEX=1
IFCINDEX) 1800180915

FOURICR TRAINSFORM NOW IN A=ARRAY (InDICIES REVERSER ORDER)
TRANSPOSE ARRAY BY wRITING OGN TAPE IN BLOCKS OF 100

AND

180

185

190
200

THEN READING

JJ=0

DO 1385 I=1r/NFAC
JI1(I)=0
JI(NFAC)=-1
REWIND 1

NCYC=NUWM/100
IFINCYC) 25002500190
1sLOCK=100

00 240 I=1eiCYC

DO 230 J=1»1IBLOCK
JJI=JJ+1

FINU Cobi NUMGER J1 CORRESPONDING TO THE JJ ELEMENT

210

215

220

225
230

240
ARE
250

260

300

K1=NFAC

JIKD)IZUI (K1) +1
IF(JI(K1L)=L{K1)) 22002154215
JI(K1)=0

KL1=K1l-1

GO TO 210

Ji=1

DO 225 K=l NFAC
J1IZJ1+JI(K) *N(K)
plJd)=a(Jl)

wRITE (1) B

CONTINUL

IF(IBLOCK=100) 26002500250
THERE REMAINING POINTS TO #RITE
ISLOCK=NUM=NCYC*x10U

NCYC=1

IFUIGLOCK) 2560912600200
RewinD 1

Jiz1}

Je=100

IFINUM=100) 320:3200300

U0 310 1=irnUjrl00



A LAY

RcAD (1) (A(U) vd=Udlru2)
J1ZJ1+1060
310 J2=u2+100 |
IF(J1-NUM) 320033G0%30
320 READ (1) (A(J) rJ=ul v UMD
330 RETURN
EnD

10
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The Bissett-Berman Corporation 2941 Nebraska Avenue, Santa Monica, California EXbrook 4-3270

APOLLO NOTE NO, 494 C. H. Dale
(BBC Task 204) 5 July 1967

TRACKING THE LM AND CSM FROM LM ASCENT CUT-OFF
TO RENDEZVOUS USING SIMILAR FILTERS AND
NO PSEUDO-BIASES IN MEASURABLES

Previous notes (No's, 488, 491 and especially 492) describe the
basic tracking situation and lead up to the idea that relative (CsSM-LM)
estimates, using MSFN data only, might be optimized if:

1. The RTODP filters used for the CSM and LM

were made to be as similar as possible; and

2. The batches of data were used to estimate the
state vectors alone without estimating pseudo-

biases.

In Note No. 492 the above point 1 was implemented but pseudo-range
rate biases for each station were estimated for each batch of data for
each vehicle. These pseudo-bias estimates were thrown away at the
beginning of each new batch, thus following the intended design of the
RTODP filters. However, the throwing away of such estimates changes
the correlation between vehicle estimates and the non-estimated nuisance
parameters. And it would seem that these systematic uncertainties
should cause almost identical errors in two vehicle estina tes when
these two vehicles have trajectories as near as the CSM and LM during
the rendezvous mission. Another way of looking at this point is to say
that the MSFN measurable error due to North station location error,
for example, should be almost identical for the LM and CSM. Thus, in
LM/CSM relative estimates, North station location errors should cancel
assuming that the effect of station location error has not been swallowed

up in a pseudo-bias estimate which has been thrown away,




The computer study reported herein is identical to that
reported in Apollo Note No. 492 except that all apriori pseudo-bias
=20 .2 2

ft”/sec”) so
that, in effect, there are no pseudo-biases. It would be expected
that the individual state estimates (CSM and LM) would suffer, and

this is clearly shown in Figure 1. Toward the end of the Rendezvous

variances have been set to a very small number (10

Mission, when uncorrelated apriori estimates are less important,
it can be seen in Figure 1 that an improvement in relative position
(due to the out-of-plane component) has accrued due to not estimating

pseudo-biases. Unfortunately the velocity at rendezvous has deteriorated.

It would thus seem that using the MSFN alone will result in
about a mile in rendezvous position error with around 3 ft/sec of
velocity error, These errors will be essentially out-of-plane, de-
pendent upon apriori estimates, and dependent also on the North-South
station separation. It can be concluded further that the position and
velocity uncertainty at rendezvous can be reduced by an order of magni-
tude with good terminal relative radar tracking., Landmark tracking

should be investigated also.
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The Bissett-Berman Corperzation 2941 Nebraska Avenue, Santa Monica, California EXbrook 4-3270

APOLLO NOTE NO. 495 H. Engel
(BBC Task 101) 10 July 1967

MORE ON THE SPEED OF LIGHT, AND ATOMIC TIME
VERSUS EPHEMERIS TIME

The problem of whether an error in the speed of light is an
~error source in trajectory estimation has been a source of argument
in the ANWG, This note presents the present Bissett-Berman view of
this problem. This note draws heavily from JPL Technical Report
32-816, "Determination of the Masses of the Moon and Venus and the
Astronomical Unit from Radio Tracking Data of the Mariner II Space-
craft, " by John D, Anderson. Thanks are due John Anderson for his

exposition on fundamental constants and planetary theory.

We first define the units of mass, length and time used in

astronomy.

1. The fundamental unit Q_f mass is the mass of the Sun.

2. The tropical year is defined as the interval between
successive crossings of the equator by the Sun from
South to North. The tropical year is not constant be-
cause the period of the Earth's orbit is perturbed by
the other planets and because the crossing point, the
vernal equinox, is not fixed with respect to the stars

because the Earth precesses and nutates,

The unit gfii_r_n_e_ is, by definition, the instaneous value
of the tropical year at the beginning of 1900, The
theories of celestial mechanics are so accurate that
measurements made today can be used to establish the
length of the tropical year 1900, The ephemeris second
is, by definition, 1/31556925. 9747 of the tropical year
1900. The ephemeris day is 86400 ephemeris seconds.



3. The period of a body in motion about the Sun may

3
T = 27 _..2_9_.__
k™(14+m)

in which a is the semi-major axis of the ellipse,

be written as

k the Gaussian constant, and m the mass of the
body. The Gaussian constant k is, by definition,
0.017202098950000,

The unit of length, the astronomical unit (a. u.),

is the semi-major axis of a fictitious planet on an
undisturbed orbit having the mass and sidereal

period that Gauss adopted for the Earth (m@z 1/354, 710
and Fg = 365.2563835 days).

The equations of motion for the nine planets of the solar system

are
. T, Z g 7,
riz—k (1+m):3+k (1—5)m ey F
T, T,
i j=1 J J

except for small relativistic corrections and a perturbation due to
motion of the Earth-Moon system about its barycenter. The only
constants in these equations are k and m;. Now, k is fixed by defini-
tion. If the estimated of the masses of the planets are improved,
then the m, will change. Otherwise, these equations of motion are
invariant with respect to the values adopted for the speed of light,

the length of the standard meter, and so forth.

A similar argument can be made for the lunar ephemeris.



The speed of light is important with respeét to these equations
only in that measurements involving the speed of light are used to check
the theory and to establish the values of the constants in the solution of
these equations. Even here, the speed of light need be known only in
units of a. u.'s per ephemeris second. According to Anderson, and I
accept it on faith, the speed of light in terms of a. u. 's per ephemeris
second is known to about 1 partin 108. As a result, if range measure-
ments from the Earth to a spacecraft near the Moon are made, the error
in the measurement in a. u. 's due to this uncertainty will be equivalent
to about 3 meters. The error in the measurement of radial velocity in
" a.u.'s per second, for a radial velocity of 12,000 meters/sec, due to

this same source, will be equivalent to just 1.2 x 10»—<4 meters/sec.

Note that for ephemeris construction or for determination of
the orbit of a spacecraft it is not necessary to employ the meter as a
unit of distance. If results are to be expressed in meters (or feet) for
ease of comprehension, an arbitrary constant may be used for the
speed of light to perform the conversion of units. This constant may be
the ANWG and International Astronomical Union adopted value of
2.997925 x 108 meters/sec. The uncertainty of 100 meters/sec asso-
ciated with this value in ANWG Technical Report No. AN-1, 2 is the
uncertainty of the speed of light in meters per second, and does not

affect the orbit estimates.

Atomic time standards are now being built with accuracies of

one part in 1011 or one part in 1012'. Since the year has 3. 16 x 107

seconds, this apparently corresponds to an accu:racy of 3 x 10-4 or
3x 10—5 ephemeris seconds per-year, but this is not so. John Ander-
son, in a discussion at JPL pointed out that atomic clocks do not keep
ephemeris time. Thatis, the rate of an atomic clock on the Earth is
not constant. This occurs because the distance of the Earth from the
Sun varies and consequently the gravitational field in which the clock

operates is changing. According to the general theory of relativity



the rate of a clock - any clock - depends upon the gravitational field
in which it exists. A simple explanation in terms of relativity theory
can be found on pages 42-9, 10 and 11 of Volume 2 of '"The Feynman

Lectures on Physics. The equation that results is that the clock

rate is proportional to

gH

1+ =
C

in which g is the gravitational field and H is the height in the field, °

The value of g at the Earth due to the gravitational field of

the Sun can be computed from

so that

The distance H we take as half the difference between the

aphelion and perihelion radii

H = ae
so that
2

gh _ (zm)
2 - cT
c

< 2 2 x 1011 >Z

= 0.0167
3x108x 3,16 x 107

-10

= 2.97 x 10

If this rate error were to persist for one quarter year it would

result in a clock error of 2. 4 sec.

4
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The Bissett-Berman Corporation 2941 Nebraska Avenue, Santa Monica, California EXbrook 4-3270

APOLLO NOTE NO. 496 ‘ ~ H. Epstein
(BBC Task 105) 12 July 1967

ANALYSIS OF SOME LLO TRANSLUNAR PHASE USB
TRACKING DATA

MSC has made available to BBC some USB three-way doppler
tracking data taken during the translunar phases of LLO 3. This data
was taken at a sample rate of six seconds with the equipment in the
‘non-destruct doppler cycle counting mode. This was card data using
the low speed format. This card data was processed in the fashion
outlined in Apollo Note 497. The Copy Program for this card data
removed illegible symbols and provided a low speed tape to the Pre-
edit Program. The card data format indicated that all data had been
taken with a crystal standard for reference. The analysis performed
indicated that the data contained both crystal standards and rubidium
standards as references. (It was not necessarily expected that this
early data would conform to the LLO format as indicated in AS-501.)
With no ODP, emphasis was placed on the high frequency error

components indicated by the analysis program.

A sample input data sheet for the Pre-edit Program is included
in Figure 1. The Edit Program requires two threshold constants. The
F count threshold was set at 100. This means that if the magnitude of
a second difference of the doppler count exceeds 100 that the doppler
counter reading is rejected (see Note 490). The second threshold (K)
was set to eliminate data points which resulted in second difference
being more than Ko~ from the median of the distribution of data point
(K was set at a value of 6). The stations and their time intervals involved

are indicated on Table 1 below.




Punch: 1 for yes; 2 for no;'9 for test to be ignored Tei’i
— 0 be
. Yes No Ignored
1 Is this high specd 240-Rit Data |\ 1171/
2 Is this non-~destruct data [111]]
3  Is this high data (Bit 15) T
4 Is range-rate in standard position 11117
5 Is range-rate Ny mode I
Only one of four applies:
6  Is this one way doppler mode YT
7  Is this two way doppler mode R e
8  Is this multiple non-coherent mode s Il
9 Is this multiple coherent mode - - s
10 Vehicle iDis [0 AR
11 Is frequency standard rubidium N
12 Is manual R-R test to be made v N VY
13 Is VCO lock test to be made I T
14 Is automatic range~rate test to be made AR e
15 Is test to be made on real/test Bit o .
16 Is station ID test to be made Z_ ] _///7/M
17 Is doppler mode test to be made AR uas
18 1Is test to be made on R-R field Indicator A wie
STA TION ID EXPECTED START TIME
20 [] Bermuda 35-37 0l3]7 Day (If greater than 31
21 Merritt Island month will be ignored)
22 [ 1Grand Bahama Island
23 | | Antigua 38-39 [ 1] Month
24 | x| Carnarvon
25 | | Hawaii
26 | | Guaymas 40-41  [6]7] Year
27 | | Texas
28 | | Guam '
29 | | Goldstone 42-43 010 Hour
30 | | Ascension
31 | | Canberra
32 || GSFC 44-45 li lé | Minute
33 | | Madrid
34 Grand Canary Islands
— Y 46-48 [Tl Expected Delta Time
49-51 31610 Maximum Time Interval
in Minutes
52-55 [ T [5[0] Print Rejected Data
56-59 ; 11 01 0| Print Raw Dzta

Figure 1. Input Data Sheet for Pre-edit Program



- Station & Start Time End

Station ID Day CMT Day GMT
Carnarvon (08) 037 00:15:30 037 03:11:06
Guam (24) 036 20:22:12 036 23:12:36
Goldstone (28) 036 22:53:24 036 23:43:00
Texas (16) 036 22:01:42 036 22:50:30

Table 1. Time Interval for Translunar Data

During the analysis it was found that the Guam data contained
both crystal and rubidium standards as references. This data set
was then split into two groups. The results further indicated that
some data labeled crystal was actually rubidium. It was also noted
that the least significant bit in the Goldstone doppler data was always
0, 2, 5, or 7(1, 3, 4, and 6 never occurred). This either indicates
a malfunction of equipment or a deviation from the normal practice
in the use of the equipment. The number of measurement values,
acceptable second difference, and type frequency standards are

indicated in Table 2 below.

Number of Measurement
. Values Accepted Type
Station Output of Output of Second Frequency;
Pre-edit |Edit Program Differences | Standard
Carnarvon 1159 1157 1143 Rubidium
Guam-1 1055 1037 999 Crystal
Guam-2 556 551 529 Rubidium
Goldstone 441 422 418 Crystal
Texas 488 488 486 Rubidium
Table 2. Type Frequency Standard and Number of Points



A simple analysis on a data point rejected by the editing pro-
gram indicated a frequency shift present in the Guam 1 data. This
frequency shift took place between a GMT of 21:30:00 and 21:30:06.

This frequency shift could probably be associated with a tuning opera-
tion at either the master DSN station or the slave USB station. The
frequency shift was about 3190 cps. This would correspond to an average

R change of about 700 ft/sec during this six second period.

The detrending operation performed on this data consisted of
taking the second difference of the doppler counter readings and genera-
ting residuals from a fourth degree polynomial fit to this data. These
residuals may be considered as the higher frequency components of

the second difference of doppler count data.

The Analysis Program takes the correlation function and makes
spectral estimates on this residual data. The rubidium residuals will
be treated first. The dominant error source in the six second data for
these residuals should be expected to be the counter quantization noise.
The expected values for the variance and correlation function are in-
dicated in Apollo Note 351. A reference noise model can then be taken
for this second difference data. Computed values and the reference
values are indicated in Table 3. The results obtained are clearly con-
sistant with the noise model. The number of points and the data span
involved do not allow the clock white frequency noise component or

other random phase noise components to be reliably estimated.

A

) o A A N
Station (counts) p (1) p(2) p(3)
Carnarvon| .735 -. 649 . 135 -.001
Guam-2 .713 -. 662 . 151 -.015
Texas . 791 . -.647 . 116 . 062
Noise
Model . 707 -. 667 . 167 0

Tabie 3. Rubidium Residuals



Residuals based on crystal standards may be dominated by
crystal white frequency noise in place of the quantization noise.
Assuming that the USB station employs a crystal standard and the
DSN station a rubidium standard, estimates can be made of the six
second sample rate crystal white frequency noise component. The
results obtained are consistent with such a model as indicated in
Table 4 below. The parametger f and T indicated in the Table have

numerical values of 2.3 x 10” cps and 6 seconds respectively for
this data. The / 2 factor arises from the difference operation on
this noise. The crystal white frequency noise component is about

1 part in 109 for this data.

Stati 5 (1 6(2 & s T,
ation p (1) p(2) (counts) (cps)

Guam 1 -.523 . 064 21. 31 2.51 1.1 x 10—9

Goldstone -.456 . 096 7.94 .94 .4 x 10_9

Noise —

Model -.5 0 o o~C/T¢ 2 o-c/fTﬁ

Table 4. Crystal Residuals

The plots of the residuals are extremely helpful to analysis.
The raw residual data has been plotted as count error as a function
of time. This is particularly appropriate to indicate when quantiza-
tion error is pre-dominant. The second difference of quantization
error would allow value varying between -2 counts and +2 counts.
A plot of the Guam data prior to separation according to frequency
standards is indicated in Figure 2. Clearly this data should be

divided into two regions for analysis.
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Plots obtained with atomic frequency standards used throughout
are indicated in Figures 3-17 for Carnarvon, Guam 2, and Texas stations.
A set of station data consists of one plot of raw data, one correlation
function, and three spectral analysis plots. The plot of the raw residuals
from Carnarvon is indicated in Figure 3. The patterns obtained clearly
indicate that quantization error is the dominant error source. The
corresponding normalized autocorrelation function is indicated in Figure
4 and the spectral estimates in Figures 5, 6, and 7. These plots do not
provide significant additional information regarding the error sources
present. The raw residual plots for Guam 2 (Figure 8) and Texas
(Figure 13) again clearly indicate a dominant quantization pattern to

the error source present.

Oﬁ the other hand, the raw residual plots for the data associated
with the crystal frequency standard do not show a significant quantization
error. The plots for the crystal data are indicated in Figures 18-27
for Guam 1 and Goldstone stations. The plots for the raw residuals
for Guam 1 and Goldstone are indicated in Figures 18 and 23, respec-
tively. The plots clearly indicated a different noise characteristic

from the quantization noise.
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The Bissett-Berman Corporation 2941 Nebraska Avegue, Santa Monica, California EXbrook 4-3270

APOLLO NOTE NO. 497 H. Epstein
(BBC Task 105) ' 12 July 1967

HIGH FREQUENCY ANALYSIS OF LLO USB TRACKING DATA

The purpose of this note is to indicate the data processing techni-
ques involved in the analysis of LLO USB tracking data. Three-way
doppler data is the only type measurable involved at this point in time,
Relatively minor modifications are required to extend the capability to
other doppler types, range, and angle measurables. This note pertains
specifically to the high frequency error components present in the data.
The restriction to analysis of high frequency error components has been
necessitated by the absence of a suitable working ODPE. High frequency
analyses would predominantly be made with the program to be indicated
shortly even if a suitable ODP was on hand (this minimizes computing

costs and time involved).

Doppler data requirements as set forth in the GOSS should consist
only of non-destruct count doppler with atomic frequency standards em-
ployed by all DSN and MSFN stations involved in the test program. Data
on hand at BBC includes destruct count data and measurement data with

crystal standards. This data has been and is being processed.

The stages involved in doppler processing for analysis are illus-
trated in Figures 1, 2, and 3. Raw data from MSC has been made avail-
able in the following formats: special tape formats, cards, and log tapes
In addition, TTY formats are expected shortly. A special Copy Program
is written for each type format. The Copy Program converts an input
format to a format similar to the USB format. In addition, a compac-

tion of the USB data is made.

The Pre-edit Program accepts the output of the Copy Program
and processes data on a station basis. At least one input data sheet (see
Figure 4) is required for each station, The primary function of the Pre-edit

Program is to insure that a proper data format is present. The 240 bit
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INPUT DATA SHEET FOR PRE-EDIT PROGRAM

Punch: 1 for YES; 2 for NO; 9 for TEST TO BE IGNORED
]
[['est to be
No | Ignored
1 Is this high speed 240-Bit data (1111
2 Is this non~destruct data [TTTT
3 Is this high data (Bit 15)
4 Is range-rate in standard position 17777
5 Is range-rate N1 mode
Only one of four applies:
6 Is this one way doppler mode 77777
7 Is this two way doppler mode /1]1]
8 Is this multiple non-coherent mode /1/1]]
9 Is this multiple coherent mode /1/1]/
10 Vehicle ID is[ ] anwmn J
11 Is frequency standard rubidium
12 Is manual R-R test to be made 11111/
13 Is VCO lock test to be made 111/
14 Is automatic range-rate test to be made 1117/
15 1Is test to be made on real/test Bit /111]
16 1Is station ID test to be made /171]/
17 Is doppler mode test to be made , J1117
18 Is test to be made on R-R field indicator /1117
STATION ID EXPECTED START TIME
20 E Bermuda 35-37 | | 1 | Day (if greater than 31
21 | |Merritt Island month will be ignored)
22 | |Grand Bahama Island 38-39 [ ] Month
23 Antigua —
24 : Carr?arvon 40-41 m Year
25 Hawaii 42-43 ] L] Hour
26 | |Guaymas PR .
27 : Texas 44-45 | | | Minute
28 | | Guam 46-48 [ [ [ ] Expected Delta Time
29 Goldstone R . .
30 : Ascension 49-51 Ej___l Maxzﬁurr::n']i‘:g::) Interval
31 Canberra g L
32 [ Gg;‘grra 52-55 [___j_i__m Print Rejected Data
33 | | Madriad 56-59 [ [ | | | Print Raw Data
34 || Grand Canary Islands 60-68 T T T Start Time

Figure 4 - Pre-edit Input Data Sheet




. high speed data format for early LLO USB data had not been estab-
lished. As a consequence, it was necessary to remove or modify a
number of format tests. A number of tests have been established
which cannot be ignored. Presently, these consist of items 1, 2, and
4 of Figure 4 and the data time interval. Item 1 pertains to whether
the high speed or low speed USB format should be used; item 2 indi-
cates whether non-destruct or destruct data is to be selected, and
item 4 indicates the field of the doppler cycle counter reading. The

start time for the data to be examined may be indicated in three ways:

Calendar data and GMT,
Day of year and GMT, and

Time in seconds or .1 seconds from the
beginning of the calendar year.

The third option is exercised by the number 999 for the day (35-37).
An additional test was made for uniform data time intervals. Also,

a gross doppler counter reading test is made on destruct count data.

The data which passes the pre-edit tests is then used as an input
to the edit program. The edit program takes second differences of the
doppler counter readings. Input data will be rejected for any of three

reasons:

1. The apriori second difference threshold is
exceeded (see Apollo Note 490);

2. No second differences can be formed on a
given data for the specified time interval
between data points; or,

3. The second difference lies outside of a limit
placed by estimates of the
standard deviation (see Apollo Note 465).

The trend or low frequency characteristic of the "good' data output
of the editing program needs to be removed from the data to form high

frequency residuals or error components for analysis. The nature of



y Ak o

the detrending program is indicated in Figure 2. Basically, a given
order difference (usually,. first or second difference) is performed on
the doppler counter reading. The output of the difference program is
then fit to a polynomial (typically of the fourth degree) and residuals
are formed by the subtraction of the corresponding value of the poly-

nomial from the output of the difference program.

The residuals are then processed by the analysis program (see
Figure 3). A histogram, correlation function, and spectral density
are then estimated from these residuals. Plots may then be made of

the raw residuals, the correlation function, and the spectral estimates.

A few comments are in order regarding the expected nature of
the high frequency doppler error components, Doppler sample intervals
of .1, .2, .4, 1.0 and 6 seconds are expected for most of the measure-
ment data to be analyzed. Past experience with DSN doppler data has
indicated the predominant high frequency error source for these data
rates. The crystal oscillator frequency standard has not been exten-
sively analyzed here to date since Apollo USB stations are expected to
always employ atomic frequency standards. Expected predominant error

sources are indicated in Table I below for the indicated sample intervals.

TableI - Predominant High Frequency Error Components

F
Doppler Counter requency Stanc}grd
Mode Rubidium
Non-Destruct Quantization gj;:éila;%i
Crystal and
Destruct Random Phase |Random Phase i
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APOLIO NOTE NO, 498 L., Lustick

(BBC Task 204) J. R, Holdsworth

13 July 1967

ORBIT DETERMINA TION WITH STATISTICALLY
CONSTRAINED DATA

The purpose of this note is to describe a computationally efficient
method of handling what we have called "statistically constrained data, "
The term statistically constrained data is a neologism of our own inven-
tion and hence requires some explanation. We have employed this term
because it is suggestively descriptive of what we have in mind, and be-
cause none of the standard terminology expresses what we mean in a

sufficiently succinct manner.

The meaning which we intend to convey by this expression may be
explained as follows. We assume that we have some a priori estimates
for a set of orbit parameters, and that the covariance matrix of the
errors of these a priori estimates is singular. As we shall shortly
show, when the a priori errors arc singular, the optimum combination

of the old and new data is such that the final errors also have a singular

distribution. It is the purpose of this note to show how to capitalize upon

this singularity and to efficiently reduce the dimensions of the matrices

with which we have to deal,

First we note that if A(1l) and A(2) are covariance matrices of
independent estimates of some set of orbit parameters, and if the matrix
A(l) + A(2) is non singular, then the optimal linear weighting of the esti-

mators will yield an error covariance matrix A given by:
o=l
A = _(A(l) r A(d)) A1) A(2) (1)

Now, from (1) we note that if A(I) + A(2) 1is non singular, but A(l) say

is singular we obtain:

1
v



. det A(1) det A(2) .
LA = Jet(A(L) + A(2)) =0 (2)

since det A(l)= 0, hence singularity of the a priori error distribution
implies singularity of the final error distribution, if it is optimally

computed.

We now turn our attention to the fundamental question. How,
when one is given a singular covariance matrix, can one determine
the existing linear dependencies amongst the various random varia-
bles in a computationally efficient manner. Let us now consider the
Choleski decomposition of a covariance matrix V, where we factorize

V into the product of two lower and upper triangular matrices as shown

below:

V = LL | (3)

211. - ° O
L =1: : (4)
znl 'Enn

with all entries above the main diagonal being identically equal to zero.

If the matrix V is given, then by formally computing the product
LLT, from (4) and equating the resulting elements to those of the mat-
rix V, yields the following system of equations for sequentially computing

the elements jzij of L.




s 'n or £ =4V
V12 Y12
fi1fa1 = Vip fa1 7 N
11 Y11
and in general 1=l
| ( 2: fik’ﬁk)
= 1 o
Vo - lz'l
T L
4, = 0 for j> i
i]

Of particular interest to us are the diagonal elements Los of

the matrix L. From (3) it follows that:

det V

det (LLT)

det (L) det (LT)

1

n

det®(L)

and from (8) we see that:

(6)

(7)

(8)

(9)

(10)

(11)

so that the covariance matrix V is singular if and only if one or more

of the diagonal elements 2., in the matrix L is zero.




Now agssume that for zome i > 1 we have:

(12)
and

{.. > 0 for 1<3< 1,
i3 ' .

In other words ﬁii is the first zero that appears as a diagonal element
in the Choleski decomposition. This means that the ith error component
Aei may be exactly written as some linear combination of the firsti - 1

components as in equation (13) below:

e 1
A0, = k};l C, A0, . (13)

where the Ck coefficients are constant and may be determined as follows.
If we multiply both sides of equation (13) by Gj for j=1,2, **°,i-1,

and take the expected value we get:

o=l
E(A6, AO) = v, = E (A0, A6,
(40, A0,) vi; kz;l C, E (40, &0)) (4
or:
i-1
k:lvjk Ck = Vij for 1= j<i-1, (15)

Equation (15) is a system of i - 1 linear equations in the i ~ 1
unknowns Cl; Cys *°°, Ci-l’ hence the coefficients may be determined
by solving this system. The system is non singular since i was assumed

to be the first integer for which we obtained ’zii = 0 in the Choleski




decomposition, hence the cocfficients Ck(i) are uniquely defined by
the system given by equation (15). If we let V(i-1) denote the

upper left hand (i - 1) by (i = 1) submatrix of V, C(i-1) be thei - 1
> *, C:.1 Y and

denote the column vector consisting of the firsti - 1 components

dimensional column vector with components Cl’ C
i
L

of the ith row of the covariance matrix V, then (15) may be written

as:

V(i-1) ci-1) = ¥ (16)
so that the constant coefficients may be formally solved for as:

-1 .
Cli-1) = V(-1 v (17)

We now demonstrate briefly how the foregoing remarks are applied
to the problem of revising the estimates of the orbit parameters based
upon a combination of a priori estimates and new data. It has been

TAY
shown in many earlier Apollo Notes that the modified estimate 0 may

A
be written as the following function of the a priori estimate 90 and the
measurement vector m.
T -1
8:8 + |cov e +amc cov le 2m cov le am T m-m (06,) (18)
' 0 0 36 36 86 ct 0

where as usual we assume that the measurement vector m may be ex-

pressed as:

2
I
3
o~
D
~—

-
m
—~
(=)
O
~




where the functional form nqC(O) is known and where € is some
zerc mean additive noise with covariance cov €. Notice in Eq.

(18) that the term
m - mC(OO) (20)

is the difference between the actual observed measurements and
their predicted values, where the predicted values are computed

onthebasis of the a priori estimates 90.

We shall assume for convenience that the noise vector €
comes from a zero mean white noise process so that

cov € = E(€€T):C;§ I (21)

where I is an nxn identity matrix. In this most usual case, a
typical element, say the k, ¢ element of the matrix (amCT/ae)
Cov™l e (d mc/ae) , may be written:

T n. .
om ' dm < dm 9 m
( € covle C> = ——12- - — (t.) = (tr) (22)
00 30 /k, 1 O, r=1 3 O, 0,

where: 1= k,f < p, where p denotes the dimension of the para-
meter vector and where mc(tr) denotes the noise free computed
value of the component of the measurement vector at the time of

the rth measurement.

Now, if the a priori covariance matrix cov 00 is singular

then it no longer makes sense to talk about the matrix

T

-1 dm -1 dm
cov 90 + —S cov o€ < (23).
00 00




The dimensionality of the problem: may be reduced in the following
way, if we assume that in the Choleski decomposition of the matrix
cov 00, that there-is exactly- one zero element say the ith, where
i > 1, on the main diagonal of the lower~triangular matrix L. In-
stead of computing-the Pxp matrix as shown in equation (23), we
make the following modifications. First, we replace cov OO in (23)
by the (p~1) x (p-~1) matrix obtained by deleting the jth row and
column from the pxp matrix cov 90, We will call this reduced
matrix cov*@o.
Secondly, in the most common case of stationary white
noise, the pxp matrix {(BmCT/BO) covl ¢ (Bmc/ae)} in Eq. (23)
is replaced by the (p-1) x (p-1) matrix, M whose elements are de-

fined below.

] n Bmc Bmc Bmc amc
Mkz = = Z (tr) +Cp — (t) : (tr) + Cﬁ a—- (tr))
P 1 o) Gi OE Oi

(24)

for 1<k,2<i-1. In Eq. (24), the terms Ck and Cﬁ are the appropriate
components of the vector which is the solution of Eq. (17) where the
reduced matrix '\ii 1) is the upper left hand (i-1) x (i-1) sub matrix

o (1)

of cov OO and, where v in Eq. (17) is the column vector consisting

of the first i~1 elements of the ith row of the covariance matrix cov 0

0
If i<p, and i<k, f < p-1, then Eq. (24) assumes the term:
] n amc . Brnc
M = =5 ) — (t) (t.) (25)
kKO g2 ey ™ 30 r
€ - k+1 2+1

Finally, if one of the indices, say k is less than i and the other, ¢,

is greater than or cqual to i, we obtain:



1 N arnc Brnc Bmc '
NLk.Q - /41 - (tr)Jr Ck—:_w('tr) o (tr) (26)
¢

(8] = 5 .
) oOk o0,

It is important to remember that the index i, in equations
(24) through (30) inclusively, has a particular, fixed significance.
Namely, it is the index of that component of the parameter vector
0, which is being replaced by a linear combination of components
with indices strictly less than i, Equivalently, it is the row and
column index of the first zero element appearing as a diagonal
entry of one of the factor matrices in the Choleski decomposition
of the a priori covariance matrix cov OO° For brevity, let F denote
the information matrix whose typical element is given by equation
(22), and let Frs denote the r, sth element of this information

matrix., Expanding the right hand side of equation (24) we obtain:

1 2 amc amc
Mg = = (t) —= (t)
g = r

p =1 9 Gk Pe) 92

)
o = r
r 1 aek 26
n
1 amc amc
P20 2y ) S
A r=1293806 aez
= 2
1 am 4
-t = ¢ <
2 Y% —(t_)
o k¢ r'?ll ( 3 ei r) (27)

Referring again to equation (22) we see that for 1< k, £ < i-1, the

element in the modified information matrix may be written as:



M = F +C£F

", . T CRFe t CC

ki ¢ ¥y (28)

where er, ij, °°*, etc. are clements of the original information
matrix and the quantities Ck’ C; are those quantities obtained from
the solution of equation (17). Similarly, from (25), and for i < p,

andisk, £ < p-~-1, we obtain:

Mo = Frp1 o3 (29)

?

and from (26) if k <i and £ = i, then:

Mg = Fiooer  CiFy, e (30)

Thus, the reduction in dimension of the informmation matrix is
obtained by working with the (p-1) x (p~1) modified information
matrix M whose elements are computed as functions of the original
information elements Fi.j’ and the constants Ck’ as shown in

equations (28), (29), (30).

The reduction in dimension is now affected by replacing
cov-1 60 in (23) by (cov*eo)-l, and {(ach/BmC) cov"le (amclae}}
by M, so that we are now working with the (p-1) x (p-1) matrix:

b -1 -1
[(cov OO) + M] (31)

If the rank of the a priori covariance matrix cov 00 is less than
p-1, the dimensionality may be further reduced by a completely
analogous method, In this case there will be more than one dia~
gonal zero in the Choleski factorization and we proceced exactly

as described,
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APOLLO NOTE NO. 499 H. Engel
(BBC Task 105; 19 July 1967

ANALYSES OF NASA TAPINS 1146 and 1135

These tapes are MCC-H communications processor log
tapes of high speed data from Merritt Island, Carnarvon, Guaymas,
Texas and Goldstone. The data were recorded in real time with

data intermixed from the various stations.

These tapes contained 45, 762 messages, of which the
copy program found 25, 043 to be of the proper length (27 words of
30 bits each) so that they could be reformatted to standard 240 bit
messages. The copy program produced a tape of 240 bit messages,

BBC tape number 03,

BBC tape number 03 was processed by the pre-edit pro-
gram, separating the data by stations and performing the pre-edit
operations., Data from Merritt Island, Carnarvon, Texas and Gold-
stone were placed on BBC tape number 189. Data from Guaymas

was placed on BBC tape number 226.

The input data shects for the pre-edit program appear as
Figures 1 through 5. Note that for all these stations the vechicle I. D.
is 6, although the AS501 Tracking Data Format Control Book, Revision
2 states that it should be 7. Note also that bit 24 of the messages indi-

cates a crystal clock, but residuals show a rubidium clock.

The results of the pre-edit program are summarized in Figures
6 through 10. For Merritt Island the only points rejected were those for
which the Doppler mode indicator in the data did not indicate multiple non-
coherent mode. Inaddition, inspection of the data indicated that this was
artificiz] data taken at 0.1 scc, intervals with a constant change in Dopgler
count indicative of the bias frequency only. Carnarvon records were rc-
jected because of the conirol bits for automatic range rate quality and
manual range rate quality. Guaymszs data were rejected because daia

rate bits and automatic range rate bits were incorrect, and because




the indicated times on the data and the changes in time

between successive data points were incorrect. Texzas records
were rejected because of data rate bits and automatic range rate bits
were incorrect, and because the indicated times on the data were in~
correct, and because of the auto range rate quality bit. Goldstone re-

cords were rejected for a wide variety of reasons.

The results of the edit program are indicated in Figures 11
through 15. The data from each station were broken into groups of
less than 2500 points and each group analyzed separately. The F count
threshold is 100. The points rejected for F count threshold are those
for which the second difference of the counter recadings exceeds 100.
The Ko threshold is 6. The points rejected for Ko threshold are those
for which the second difference differs from the median second difference

by more than 6 timmes the standard deviation of these residuals.

The results of the pre-edit and edit programs are summarized
in Figure 16. With regard to this figure, the number of points into the
edit program should be equal to the number of points accepted by the

pre-edit program, so that the following relation holds:

Points accepted _ [ Points accepted by-pre-edit) {Points accepted by edit
Points input - Points input to pre-edit Points input to edit

In actual fact, because of bookkeeping difficulties in the data reduction
programs, the points accepted by pre-edit is greater than the points
into edit; still, the ratio on the left in the above equation is calculated

using that equation.

The remaining figures are plots of residuals, correlation
functions and power density spectra for the residuals resulting from
fitting the first differences of the input data with fourth degree poly-

nomials.

Figures 17 through 21 are for Merritt Island. The resi-
duals are clearly due almost entirely to quantization noise. The
normalized correlation function is approximately - 0.5 at one lag,

and zero at larger lags, as would be expected if quantization were the

v




principal source of error. The power spectral densitly is shown
for scanning windows encowpassing 0.1, 0.2 and 0. 4 of the data

points; no unusual pecaks occur in thesc spectra.

Figure 22 is a plot of the residuals for group 1 of the

Carnarvon data. Note the large value of the residuals. This occurs

because either the transmitter or receiver frequency was changed by

about 30, 000 hertz during this interval, making it impossihle to
de-trend the data. The resultant correlation functions

and power density spectra”are mecaningless, and so are not shown.

This group could have been rerun as two separate groups in order to

get meaningful results, but it was felt that enough other data was

available to make this not worthwhile.

Figures 23 through 27 are for Carnarvon group 2 data.
The results are similar to those for Merritt Island, indicating that

quantization is the principal error source.

Figure 28 shows the residuals for Carnarvon group 3 data.

The residuals are large for the same reason as in Carnarvon group 1.

The frequency change here is about 40, 000 hertz.

Additional correlation functions or power density spectraare

shown only for Guaymas because the residuals are typical of quanitzation noise.

Figure 29 shows the residuals for Carnarvon group 4 data.

This is the typical pattern of quantization errors.

Figures 30 through 34 correspond to Guaymas group 1 data.

Again the results are those that would be expected with quantization being

the principal error source.

Figures 35 through 39 are for Guaymas group 2 data, and

are typical quantization error residuals.

Figures 40 and 41 are rcsiduals for Texas groups 1 and 2,

respectively. The patterns here, also, are typical of quantization

error, cxcept that in group 1 there are a few residuals that are too
) g

ok

arge to be

o

"y

rccounted for by quantization. Since no data {rom cther

source of these errors.

Figures 42 and 43 show similar results for Goldstone groups

1 and 2 data.

C
stations are available for this same time it is not possible to trace the
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Number [ —- .
Input Start First Good Data Last Good Data
Point Point '

885,000,0
§86,000,0

109,
10
3 .. ’ ’ . s . .
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Nuranber of Rejects
: J . Good Total
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g g Fcount Ko No formed Total Data Input

O oz Threshold! Threshold | 2nd Diff, * Rejects Points Points
1 ____0 110 110 2131 2241
i U N U S R S O A 2181 | 229%
4 — e SO R S —— e e o e e
5 —— e | e e e e e e e — e
6 S e e — e — e e
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9 e e e e — e e e
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TNTC Ty N A et Ty T ¢
EDIT PROGRAN SUMMARY ¢

Stztion ' Texacs MSC Tape No. 114
Station I (deciral) ' 113
Sarnple Interval (seconds)
Count Threshold , 100

K 0 throshold Y T
Start Time (seconds) 10,883

Group Interval (seconds) 1

~ OO s W N

BBC Tape No.

—— ———

T 1

R ¥ ds fron ~ o inoe of 1e N
Group Time (seconds from beginning of Calendar Year)

Nurnber

First Good Data
Point

[ Input Staxt Last Good Data

108830044 L 0
10,583,004 Lo

b 3 . 3 t4

2 L . 2 s . 3 3 -

rm m——n wve Bvma e Gne Ay Geee e — — ——4~-—-—-,-—-~—-——-—.- 9 J *

] I - b L] \d t 3 .

—— _— . -—«’—...»-«._..‘—_ — . o

? L o 3 b . s ? .

O 00NN U N W
L]

. ' 3 ) . ) s .

10 —_—? e L .—_’.—.-— 3 . imae el e A O -

o Number of Rejects | Good Total

Fcount Ko No formed} Total Data Input
t Threshold| Threshold | 2nd Diff. % | Rejects Points Points

Group
i Number |

T
i
t
i
i

U S R A R 1 2411 2412
—— A % TTi14%5 | T4y

SO0 OO U AW N

fouy

Totx1 |i \

[

AR e - N e [ P
=V hen no number

which no seccond

Figure 14 . 17



!
~J OO ) DN I
i

Station

Saraple Interval (seconds)

Count Threshold
K ¢ threshold
Start Time (seconds)

Group Interval (seconds)

BBC Tape No,

5D 00 =3O A o e

Total ||

4 1

Figure 15

Group Time (seconds fy o1 beginning of Calendar Year)
Number [ S S —— U S —
Input Start First Good Data Last Good Data
Point Point '
1 10,884,098.4 10,884,102.4 10,885,098.0
2 3 3 . 3 F) .
3 I e el
4: ’_____‘_________’___’__«___' N__’_M__.__’____‘_____‘ ___~_’>_____’_~>_*H'__
5 3 . ) 3 .
6 A et e
7 — ot — e o —_—t -— ) —_——— 2 —— e o — —nd e
8 —-.—-——...—.—...<,__--._.. _____’_____~ e ..._M’_-..—_._._....s. —
9 . . , .
10 A L LT T To
t .,
& }))' B Number of Rejects W ~ioa Total
o & Fcount Ko No formed | Total Data Input
G ; t Threshold| Threshold ! 2nd Diff, ® | Rejects Points Points
66 b 2860 | ~322 1805 1 2157
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The Bissett-Berman Corporation 2941 MNebraska Avenue, Santa Monica, Culiforpia EXb

APOLLO NOTE NO. 500 H. Engel
(BBC Task 105) 19 July 1967

ANALYSES OF NASA TAPE 1028

This tape is a MCC-H communications processor log tape

of high speed data from Hawaii, recorded in real time,

The tape contains 8543 messages, of which the last 8539

are of the correct length to be high speed data messages.

The input data sheet for the pre-edit program is shown
as Figure 1. Note that the vehicle ID is 6, although for LLO it should
be 7, according to the AS501 Tracking Data Format Control Book,
Revision 2. According to that document, also, bit 24 of the message
should be 1 to indicate rubidium and 0 to indicate crystal; it turns
out this in this entire tape the frequency standard is rubidium but
bit 24 is 0.

Figure 2 summarizes the results of the pre-edit prograrﬁ,
and Figure 3 summarizes the edit program. The ratio of points
accepted by the pre-edit program to points input to the pre-edit
program is 0.996. The ratio of points accepted by the edit program
to points input to the edit program is 0.9993,

The residuals of the first differences of the input data,
after fitting by fourth degree polynomials, the correlation functions
of these residuals, and the power spectral densities of these resi-
duals are shown in Figures 4 through 23. The results are typical
of quantization error. The group 4 residuals, however, display some
anomalies about 360 seconds after the start of the group. Since
there is no data available fromother stations at this time, the source

of the error can not be located.

rook 4-3270



INPUT DATA SHEET FOR PRE-EDIT PROGRAM

Punch: 1 for YES; 2 for NO; 9 for TEST TO BE IGNORED
: V| MSC Tape No.
Test to be
Yes | No | Ignored 10238
1  Is this high speed 240-Bit data v VLTI
2 Is this non-destruct data v T W
3 Is this high data (Bit 15) ol B I | S
4 Is range-rate in standard position v [rrr e
5 Is range-rate N| mode | ! s
Only one of four appliﬁ:s: BBC Tape No
6 Is this one way doppler mode //]]]
7 Is this two way doppler mode //1]/ 19 81In
8 Is this multiple non-coherent mode v ///]/ T T T 7275 Out
9_ Is this multiple coherent mode [/l W T T T
10 Vehicle ID is[6 | L 17 J
11 Is frequency standard rubidium Ve
12 Is manual R-R test to be made Vv /111117
13 Is VCO lock test to be made Ay
14 Is automatic range-rate test to be made W 11711/
15 1Is test to be made on real/test Bit v 1111/
16 1Is station ID test to be made W/ 1111/
17 Is doppler mode test to be made / [11]]
18 1Is test to be made on R-R field indicator V4 1111/
STATION ID EXPECTED START TIME
20 : Bermuda 35-37 [1 | 216 ] Day (if greater than 31
21 | {Merritt Island month will be ignored)
22 | |Grand Bahama Island 38-39 [II Month
23 Antigua
24 : Carnarvon . 40-41 [117:] Year
25 |/ |Hawalii 42-43 I 02| Hour
26 Guaymas “ .
27 : Toxas 44-45 | 010] [0 Minute
28 Guam 46-48 | J0! 4] Expected Delta Time
29 | | Goldstone . . s
20 Ascension . 49-51 Mamgnum. Tl@e Interval
31 [ Canberra — (in minutes)
— - - ri Rej d Data
32 [ GSFC 52-55 | | I5]0| Print Rejected Data
33 Madrid 56-59 | | Islg] Print Raw Data
34 : Grand Canary Islands

60-68

i

||

'] ] Start Time

Figure

1




PRE~-EDIT PROGRAM SUMMARY

1.. Station Hawaii MSC Tape No, 1028
2. Station ID (decimal 9 - : -
BBC Tape No. _ 195 1In
—— 2 5 Out

Number Rejectsl

e 1 Station ID

L 2 Destruct/Non Destruct

—— 3 Data Rate

—— 4 Real Test Data

o 5 Vehicle ID

— 6 Doppler Mode

o 7 Frequency Standard

— 8 Range Rate Field Indicator

— 9 Gross Time

— 10 Time Interval

L x 11 VCO Lock

o 12 Auto Range Rate Quality

__EE 13 Manual Range Rate Quality

e 14 Gross Range Rate Test? 2

% 15 Destruct Count NI/NZ Indicator
____EQ_ Total Rejects
_ 8499 Total Good Data
8539 Total Input Point

1>Hmdicates that test was not made

2These tests not performed with non-destruct count doppler data.

Figure 2



MSC Tape No.

1. Station Hawaii 1 02 8
2, Station ID (decimal) - -9 - TTmT7
3.  Sample Interval (seconds) -4 T/ T/T7
4. Count Threshold , T T
5. K 0 threshold - M:Z_ :::::
6. Start Time (seconds) 10,896,090.4 4
7. Group Interval (scconds) T 1,000 BBC Tape No. 2 51In
— e .8 10ut
—
Group Time (seconds from beginning of Calendar Year)
Number
Input Start First Good Data Last Good Data
Point Point ‘
1 10,896,090.4 10,896,090.4 10,897,090.0
2 10.897,090.4 10,897,090.4 10,898,0900
3 10,898,0904 1L0,898,120.8 10,899,0900
4 10,899,.0904 10,899,090.4 10,899,521L56
5 .__’_____-._’____‘__'__ _—-’»«-——-—.’-—-.-—-—...— -——.’-—-—.-—’-——-——.—.
6 _____’________’_______ _____’________’_______'__ ._._.’__.._.___’._._.___.,_
7 ___’________’______'__ ____)___‘___!_______ ______’_______"___’__‘___
8 ____!_____’________ ___’_________!_______ ——*—’———.—-—,—.-—--_'—
9 _____i________’_________ ____’_______’_______ ___-__’_______.’____“_____
10 _____’___________,__._____ ____)_____.___,_____‘__— ____’—_______;________
& .
?; 2 Number of Rejects Good Total
o £ || Fcount Ko No formed| Total Data Input
O é’ "Threshold| Threshold | 2nd Diff. * Rejects Points Points
L | I Loy 4 | ____5 2320 | 2325
e o | L | _____ |Z””~1 ~2499 | 2500
oA | PO T N i O DR ) ~2422 | 2422
4 0 0 0 1079 1079
5 || ————~ | ————= | ————= |2 ] 22l 1200
| R D S | et Mt
2 l-—— - = | || — e | ————
3| I R DO RN | e
O\ | - | ZICCC e | ZZZCT
10 R R A —— -
Total W 1V ____5 | _____ | . _6 83201 8326
il I —

*When no number is indicated in this column the points rejected for Ko and thosc
which no second difference could be formed have been combined in the Kg column.

Figure 3
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Figure 11
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Figure 16
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